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ABSTRACT 
Anodic oxidation of a commercial dye, methylene blue (MB), from aqueous solutions using an 
electrochemical cell is reported. Data are provided on the effects of eight different types of 
supporting electrolytes, concentration of electrolytes, initial dye concentration, current and 
electrolytic time on the percentage removal of methylene blue. Anodic oxidation was found to be 
effective in achieving the removal of methylene blue from aqueous solutions. 
The optimised electrolytic conditions, for the removal of methylene blue (MB), were applied to the 
removal of azure A (AA), azure B (AB), azure C (AC), toluidine blue 0 (TBO), new methylene 
blue (NMB), dimethyl methylene blue (DMMB), thionine (TH), methylene green (MG), methyl 
violet (MV), Nile blue (NB), neutral red (NR), acridine orange (AO) and resorufm (RS) from 
aqueous solutions containing sodium chloride. Results indicated that between 84 to 100% of each 
dye of phenothiazines was removed during 60 minutes of electrolysis. The percentage removals for 
the phenothiazine dyes followed the following decreasing order: (MG -= MV) > (DMMB -= 
AA) > 
(AB =-t AC =- NMB) > TBO > TH. However, the azine, acridine and oxazine dyes showed between 
98 to 99% colour removal and the following decreasing order: NB =- NR > AO =- RS. Strongly 
electron withdrawing substituents such as nitro group or carbonyl group increases the degradation 
of the phenothiazine chromophore, whereas the electron donating groups such as amino and alkyl 
amino groups decrease the degradation. 
Anodic oxidation studies were extended to the destruction of eight permitted food colours, with azo 
and triarylmethane chromophore, from aqueous solution containing either sodium 'Chloride or 
sodium sulphate as a supporting electrolyte. Again, sodium chloride was found to be the best 
supporting electrolyte and between 97 to 100% colour removal was achieved after 60 minutes of 
electrolysis. The percentage removal for the single azo based colourants followed the following 
increasing order: carmoisine > sunset yellow FCF > amaranth > ponceau 411 > tartrazine. 
However, the binary and ternary mixtures of food colour showed the following increasing order: 
blue > green > yellow food colours. 
The extractions and applications of 54 different types of natural dyes (53 from plants and one from 
animal origin) are evaluated using simple techniques. The extracted natural dyes were applied in 
dyeing three types of textile fabrics viz: a) paj silk, b) brushed cotton twill and c) crystallized 
shimmering satin. The effects of two eco-friendly mordants (alum and iron) on the dyeing process 
were compared with the dyeing process without mordants. The colour fastness to wash and light 
(both natural and artificial sun light) of these natural dyes were also assessed. The results showed 
that out of the 54 dyestuffs studied, 32 plants are potentially able to produce marketable natural dyes. These dyes produced good colour and met minimal performance standards for colour fastness 
to light and washing. The addition of mordants generally increased the fastness properties. Silk gave 
the best performance of dyeing uptake and stability. Cotton gave the poorest fastness properties. 
The overall results showed that, considering molecular associations, the fastness properties were of 
the order: anthraquinones and tannins > indigoid > I'lavones > flavonols > flavanols > carotenoids > 
anthocyanins. 
Anodic oxidation studies were extended to the destruction of ten natural dyes from aqueous 
solutions containing either sodium chloride or sodium sulphate as a supporting electrolyte. Anodic 
oxidation was effective in achieving the removal of green tea (35%), spinach (69%), Langdale 
yellow and turmeric (95%), carmine, saffron, henna (97%), beetroot, karkade and sumac (98%). However, TOC measurements and the UV analyses indicated that some organic intermediate 
compounds were formed in the presence of sodium chloride. 
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1.1 BACKGROUND OF THE PRESENT WORK 
Synthetic dyestuffs are extensively used in textile, paper, printing industries and dye house 
due to their ease of production, fastness and variety of colours [1,2]. Textile industries 
consume large volumes of water and chemicals for wet processing of textiles. The chemical 
reagents used are very diverse in composition, ranging from inorganic compounds to 
polymers and organic products [2,3]. The presence of very low concentrations of dyes in 
effluent is highly visible and undesirable. More than 100,000 commercially available dyes 
are known and approximately one million tons of these dyes are produced annually 
worldwide [4]. It has been estimated that more than 10% of the total dyestuff used in 
dyeing processes is released into the environment [2]. Due to their chemical structure, dyes 
are resistant to fading on exposure to light, water and many chemicals. Many dyes are 
difficult to decolourize due to their complex structure and synthetic origin. There are many 
structural varieties, such as, acidic, basic, disperse, azo, diazo, anthroquirione based and 
metal complex dyes. Decolouration of textile dye effluent does not occur when treated 
aerobically by municipal sewage systems [3]. Due to large-scale production and extensive 
application, synthetic dyes can cause considerable environmental pollution and are serious 
health-risk factors. 
The main aims of the Ecological and Toxicological Association of the Dyestuffs (ETAD), 
are to establish and minimize environmental damage, protect users and consumers and to 
co-operate fully with government and public concerns over the toxicological impact of their 
products [5,6]. Over 90% of some 4000 dyes tested in an ETAD survey had LD50 values 
greater than 2x 103 mg/kg. The highest rates of toxicity were found amongst basic and 
diazo direct dyes [3]. In Great Britain, such matters are regulated by the Environment 
Agency (EA) for England and Wales, and the Scottish Environment Protection Agency 
(SEPA) [3]. Government legislation is becoming more and more stringent, especially in the 
more developed countries, regarding the removal of dyes from industrial effluents. 
Environmental policy in UK, since September 1997, has stated that zero synthetic 
chemicals should be released into the marine environment. Enforcement of this law will 
continue to ensure that textile industries treat their dye-containing effluent to the required 
standard. European Community (EC) regulations are also becoming more stringent [3]. 
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There are many structural varieties of dyes that fall into either the cationic, nonionic or 
anionic type. Anionic dyes are the direct, acid and reactive dye [3]. Brightly coloured, 
water-soluble reactive and acid dyes are the most problematic, as they tend to pass through 
conventional treatment systems unaffected [3]. Municipal aerobic treatment systems, 
dependent on biological activity, were found to be inefficient in the removal of these dyes 
[2]. Nonionic dyes refer to disperse dyes because they do not ionize in an aqueous medium. 
Concern arises, as many dyes are made from known carcinogens such as benzidine and 
other aromatic compounds [7]. Nam and Renganathan demonstrated that azo- and nitro- 
compounds are reduced in the mammalian intestinal environment, resulting in the 
formation of toxic amines [8]. Anthraquinone-based dyes are most resistant to degradation 
due to their fused aromatic ring structure. The ability of some disperse dyes to 
bioaccumulate has also been demonstrated [3]. 
1.2 NATURAL AND SYNTHETIC DYES (HISTORICAL) 
Synthetic Dyes: The first recorded synthetic dye was picric acid, which produced in the 
1770's from the interaction of indigo and nitric acid. The discovery of benzene by Faraday 
in 1824, and its discovery as a constituent of coal tar by Leigh in 1842, had passed largely 
unnoticed. It was really the work of A. W. Hofmann, from 1845 onwards, that focused the 
attention of organic chemists on benzene and other such aromatic compounds obtained 
from coal tar. He had been able to isolate appreciable quantities of benzene and other 
interesting aromatic compounds from coal tar by fractional distillation and, with the help of 
a team of able and enthusiastic young chemists, he was able to explore the chemistry of 
these compounds. It was W. H. Perkins, a British Chemist, whilst working with Hofmann, 
who discovered Mauveine, in 1856 at the age of 18, and thereby started the 'dyestuff 
revolution'. However, he was not intentionally working towards preparing synthetic 
dyestuffs but towards quinine, the anti-malarial drug [9]. The industry quickly developed, 
mainly in Germany, Switzerland and the UK. Since then the significant dyes discovered 
were: azo dyes in 1858 by Griess, alizarin red, 1868, by Graebe and Lieberman; indigo in 
1870 by von Baeyer; anthraquinone vat dyes in 1901 by Bohn; disperse dyes for cellulose 
in 1922; fibre reactive dyes by ICI in 1956 [9]. 
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There are very many synthetic dyes available now. Their tinctorial strength, concentration, 
colour range and colour fastness, particularly to light and detergents, make them superior to 
natural dyes for nearly all uses. They are relatively cheap and have other advantages, eg, 
mordants may not be necessary, they can colour synthetic fibres. Manufacturers and 
processors using dyes have to deal with potential health, effluent disposal and other 
environmental requirements, usually to statutory limits. 
Natural Dyes: They can be defined as those colourants (dyes and pigments) obtained from 
animal or vegetable matter (and minerals), without processing. When used as textile dyes, 
they are mainly mordant dyes although some belong to other groups (vat, solvent, pigment, 
direct and acid). Most of the historically important colourants are members of the 
anthraquinone, naphthoquinone, indigoid and carotenoid groups. There are no natural dyes 
of the sulphur, disperse, azoic or ingrain types. 
1.3 THE PHYSICAL AND CHEMICAL BASIS OF COLOUR 
1.3.1 Sight and Colour 
Communication between an object and an eye is physical, for a ray of light, a stream of 
photons carry the message. However, molecules are often the agents of colour in an object 
and also act as sensors that respond to light once it has entered our eyes. Many natural 
colours depend on the presence of particular molecules, and the natural colourants 
discussed in chapters five and six are present in petals and leaves, and are responsible for 
the colours of flowers, fruits and vegetables. When we look upon a rose with the 
information described in chapters five and six, it is possible to suggest the molecules that 
contribute to its shades and hues. We will discover what changes give rise to the colours of 
a leaf in the autumn, and we will comprehend the ebb and flow of its colour. We will also 
understand the events that take place in our eyes when we perceive these colours. We will 
see that, in vision, molecule speaks to molecule, and that the activated molecule in the eye 
triggers a signal that, in the deep unknown of the head, is interpreted as a colour [10]. 
It has been said that the presence of colour requires three things: a source of illumination, 
an object to interact with the light which comes from this source and a human eye to 
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observe the effect which results. In the absence of any one of these, it may he argued that 
colour does not exist. A treatment of the basic principles underlying the origin Of COIOLIr 
thus requires a consideration of each of these three aspects, which brings together concepts 
arising from three natural science disciplines, chemistry, physics and biology [I I ]. 
1.3.2 Visible Light 
Visible light refers to the region of the electromagnetic spectrUrn to which our eyes are 
sensitive and corresponds to radiation . vithln the very narrow wavelength range 360-780 
nm. Since the sensitivity of the eye to radiation is very low at each of these extremes, in 
practice the visual spectrum is commonly taken as 380 to 720 rim. Beyond the extremes of' 
this range are the ultraviolet (UV) region of the spectrurn (below 360 nrn) and the infrared 
(IR) region (above 780 nm). 
The incandescence of the surface layers of the sun results in the rniXtUre of wavelengths 
that we are accustomed to interpret as ' white' light. If any colour is removed from white 
light, then the light takes on a hue. Filtering out orange light, for instance, results in the 
blue-green (cyan) light; filtering out cyan results in orange light. The colour resulting from 
the removal of a colour from white light is the latter's complernentary colour (Table 1.1 ). 
Table I. I: Complementary colour relationships 
Wavelength range (nm) Collour Complementary colour 
400-435 Violet Greenisli-yellow 
435-480 Blue Yellow 
480-490 Greenish-blue Orange 
490-500 Bluish-green Red 
500-560 Green Purple 
560-580 Yellowish-green Violet 
580-595 Yellow Blue 
595-605 Orange Greenish-blu-e 
605-750 Red Bluish-green 
The visible spectrum contains regions recognized by the human Visual system in terms of 
colour, and the approximate wavelength ranges corresponding to the COlOUrS are shown "I 
Table I. ]. When light of a given colour is absorbed, the complementary colour (or 
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remaining part of the incident light) is transmitted or reflected; thus a dye or pigment 
absorbing light within the blue range is seen in daylight as yellow [10,11]. 
A traditional way of demonstrating the relation between colours is in terms of an artist's 
colour wheel, on which complementary colours are opposite each other along a diameter 
[10]. Additive colour mixing is illustrated in the colour star (Figure 1.1). The primary 
colours are red, blue and green. Secondary colours yellow, blue-green (cyan) and magenta 
are a mixture of the primaries as are the tertiary colours like orange, amber and violet. The 
colour star is a visual expression of additive colour mixing [ 12]. 
Red 
Mag4 er/ Ofange 
Pink 
Violet 
Blue 
Cyall 
Yeflow 
Yeflow Ofeen 
Given 
Figure 1.1: The basic colour wheel (the twelve-hue colour wheel) [ 121 
Substances absorb characteristic wavelengths of light when the incoming radiation excites 
electrons into different locations within the molecule. The difference in energy between the 
new and initial locations determines what wavelengths are absorbed. If only a little energy 
is needed to relocate the electrons, then the substance can absorb red light, for photons of 
red light have a relatively low energy. If the incident light is white, then the light reflected 
by such substances is perceived as green. If a lot of energy is needed to change the 
arrangement of the electrons, then the substance absorbs only high-energy, short- 
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wavelength light. If the substance absorbs blue-indigo light (which is short-wavelength 
light), then the light it reflects is perceived as orange. 
The colour green is interesting in this regard. On the colour wheel, it lies opposite both red 
and violet, where the two ends of the visible spectrum meet. Hence green can arise when 
low-energy, long-wavelength red light is removed from white light, or when high-energy, 
short-wavelength violet light is removed, or when both are removed [10]. 
1.3.3 Vision 
Although the receptors in the eye are sensitive to a physical stimulation-light of various 
wavelengths- once light has struck, all the detection, processing, and transmission of the 
neural signal is chemical. The retina of the eye consists of two kinds of receptors, called 
rods and cones. The billion or so rods in the human eye function in dim light but do not 
distinguish between colours (light of different wavelengths). The three million or so cones 
function in bright light and do distinguish between colours. In fact, there are three kinds of 
cones, each of which absorb red, green, or blue light and send signals to the brain 
accordingly. Each receptor contains molecules that are sensitive to light, and their response 
to illumination is the trigger for a message to the brain [10]. 
1.4 DYES AND PIGMENTS 
Dyes have been defined as intensely coloured substances used for colouration. They are 
retained in substances by physical adsorption, mechanical retention, the formation of 
covalent chemical bonds or of complexes with salts or metals, or by solution. Dyes lose 
their crystal structures during application by dissolution or vapourisation. 
Pigments retain their crystalline or particulate structure throughout their application. 
However, in the literature and common usage, the terms dye and pigment tend to be used 
rather loosely and interchanged but dye is often used for textile and food colourants, and 
pigment for inks, paints and cosmetics. Dyes and pigments [9] are distinguished on the 
basis of their solubility characteristics: essentially, dyes are water-soluble, pigments are 
insoluble. A water-soluble dye can be converted to a pigment by making it into a lake, 
which combines the colour with a basic radical such as aluminium or calcium to make a salt 
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on a substrate of alumina. The substrate is insoluble and thus provides an insoluble form of 
the dye, i. e., a pigment. The term colourants is frequently used to encompass both types of 
colouring materials. ColoUr may be introduced into manufactured articles, for example 
textiles and plastics or into a range of other application media, for example paints and 
printing inks, for a variety of reasons but most commonly the purpose is to enhance the 
appearance and attractiveness of a product and improve its market appeal [I I]. 
1.5 CLASSIFICATION OF DYES 
Dyes are classified in two ways: by chemical composition, principally used by 
manufacturers, and by application class or end-use, principally by dyers. There is a 
common ground between the two methods of application. Certain groups of dyes with their 
specific chemical character and the methods of dyeing are dependent on each other. Each 
dye is described under the internationally accepted Colour Index (CI) classification system 
[13], published by the Society of Dyers and Colourists (SDC), United Kingdom, in 
cooperation with the American Association of Textile Chemists and Colorists (AATC), 
provides a detailed classification of commercial dyes and pigments by CI generic name, 
based on its application characteristics, and CI Constitution Number based on its chemical 
structure. 
1.5.1 Classification of Synthetic Dyes 
1.5.1.1 Classification According to Structure 
This classification of dyes based on the chemical structure or on the basis of the 
chromophoric system. This system of classification has many advantages [14]. It readily 
identifies dyes as belonging to a group which has specific characteristic properties, and it is 
the classification used most widely by both the dye chemists and the dye manufacturers 
[15]. 
1.5.1.2 Classification According to Application 
The classes of dyes defined by the application [16) or end-use, and hence the terms most 
applicable to textile dyeing are: 
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Acid dyes - these are sodium salts usually of sulphonic acid, but in a few cases of 
carboxylic acids. They are water soluble anionic dyes that are applied to fibres such as silk, 
wool, nylon and modified acrylic fibres from neutral to acid dyebaths. Attachment to the 
fibre is attributed, at least partly, to salt formation between anionic groups in the dyes and 
cationic groups in the fibre. Acid dyes are not substantive to cellulosic fibres (e. g. acid 
yellow 6 (sunset yellow FCF), acid red 14 (carmoisine)). 
Basic dyes - water-soluble cationic dyes, they are usually hydrochlorides or salts of organic 
bases. They are applied to wool, silk, cotton and modified acrylic fibres. They bond to the 
fabric by salt linkage. Basic dyes are also used in the colouration of paper, printing inks and 
cosmetics. They give high tinctorial strength but low fastness to light (e. g. phenothiazines, 
acridines and phenoxazines) [17]. 
Direct (Substantive) dyes - water-soluble anionic dyes, as their name implies, require no 
mordant and possess a distinct tendency to leave solution and attach themselves to fabrics. 
Direct dyes are used on cotton, paper, leather, wool, silk and nylon. They are also used as 
pH indicators and as biological stains. Congo red is a direct dye for cotton [ 17]. 
Mordant dyes - as the name suggests these dyes require a mordant. The mordant forms a 
coordination complex between the fibre and dye. Metallic salt or lake formed directly on 
the fibre by the use of aluminium, chromium or iron salts that cause precipitation in situ. 
This improves the fastness of the dye on the fibre such as wash, light and perspiration 
fastness. The choice of mordant is very important as different mordants can change the 
final colour significantly. Most natural dyes are mordant dyes and there is therefore a large 
literature base describing dyeing techniques. One of the oldest dyes of this type is alizarin 
from madder. 
Vat dyes - water-insoluble dyes applied mainly to cellulosic fibres as soluble leuco (ie, 
colourless) salts after reduction in alkaline bath (e. g. indigo) [16]. 
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Reactive dyes - they are the newest class of textile dyes, first introduced commercially in 
1956 and were used to dye cellulosic fibres, wool and nylon. They attach to the fibre 
(usually cotton, wool or nylon) by forming a covalent bond. Reactive dyes are known for 
their bright colours and very good to excellent light fastness and washfastness [16]. 
Disperse dyes - water-insoluble, nonionic dyes used for dyeing hydrophobic fibres from 
aqueous dispersion. Originally developed for the dyeing of cellulose acetate, they can also 
be used to dye nylon, triacetate, polyester and acrylic fibres. Disperse dyes are also used for 
sublimation printing of synthetic fibres, and are used in crayons and inks [17]. 
Azo dyes - form the largest single class; they account for one-third of all dyes produced. 
They are made by coupling a diazotised aromatic amine with a phenol, or amine. It is the 
largest group of dyes, with -N=N- as a chromophore, in an aromatic system. Depending 
upon the number of azo-groups present they are called as monoazo, disazo, trisazo, 
tetrakisazo and polyazo dyes. All types of azo-dyes amount to over one thousand, 
commercially most important class of synthetic colouring compound. It has wide variety of 
application [11]. Tartrazine, carmoisine, sunset yellow FCF are examples of azo dyes. 
Anthraquirione dyes - anthraquinone is the basic unit of this class of dyes. It is faint 
yellow in colour, which is sufficient to use as a dye but it cannot be classified as a dye. 
Introduction of hydroxyl and amino groups in anthraquinone leads to production of a wide 
range of colour. Dyes containing anthraquinone unit belong to mordant, disperse and vat 
dyes. Its quinonoid system acts as a chromophore. Anthraquirione dyes have excellent 
fastness properties [10], (e. g. carminic acid). 
Ingrain dyes - Ingrain dyes are dyes synthesised directly in the fabric. Often the reactants 
are water-soluble, but the actual dye has less water solubility and in addition binds to the 
fabric via auxochrome groups. Azo dyes can be applied by ingrain dyeing method with a 
diazoniurn coupling reaction [15]. This method is often used in the production of 
compounds through a type of stencil. This is known as screen printing. 
II 
Sulphur dyes - they are macromolecular compounds characterised by di-and polysulphide 
bonds (-S. -) between aromatic residues [18]. They furnish dull shades with good fastness to 
light, washing, and acids but susceptible to chlorine and light. Sulphur dye is often used 
commercially to produce a good black on cellulosic fabrics and deep shades on cotton. 
Solvent dyes - dissolved into the substrate (eg, varnish, waxes, inks, oils). 
Metal-complex dyes - are combinations of a dyestuff and a metal, usually chrome. They 
are developed from the older mordant dyes and are highly light and wash-fast, used 
primarily on wool (e. g. Red 7- Fast Chrome Red 213). 
Food dyes - one other class which describes the role dyes have rather than their mode of 
use is food dyes. This is a special class of dyes of very high purity. They include direct, 
mordant and vat dyes. Their use is strictly controlled by legislation. Many are azo dyes but 
anthraquinone and triphenylmethane compounds are used for colours such as green and 
blue. Some naturally occurring dyes are also used [19]. Finally, food and cosmetic dyes 
must, in addition to the usual properties, be non-toxic. 
A number of other classes have also been established and these include: Oxidation bases 
(mainly hair and fur), leather dyes [19]. 
1.6 CHEMISTRY OF DYES 
Since the discovery of the first synthetic dyes in the mid-19th century, chemists have been 
intrigued by the relationship between the colour of a dye and its molecular structure. Since 
these early days, the subject has been of special academic interest to those fascinated by the 
origin of colour in organic molecules. In addition, an understanding of colour and 
constitution relationships has always been of critical importance in the design of new dyes. 
In the very early days of synthetic colour chemistry little was known about the structures of 
organic molecules. 
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Perhaps the most notable early contribution to the science of colour and constitution was 
due to Witt who, in 1876, proposed that dyes contain two types of group, which are 
responsible for their colour. The first of these is referred to as the chromophore, which is 
defined as a group of atoms principally responsible for the colour of the dye. Secondly, 
there are the auxochromes, which he suggested were 'salt-forming' groups of atoms whose 
role, rather more loosely defined, was to provide an essential 'enhancement' of the colour. 
This terminology is still used to a certain extent today to provide a simple explanation of 
colour, although Witt's original suggestion that auxochromes were also essential for dyeing 
properties was quickly recognized as having less validity. A further notable contribution 
was made by Hewitt and Mitchell who first proposed in 1907 that conjugation is essential 
for the colour of a dye molecule. In 1928, this concept was incorporated by Dilthey and 
Witzinger in their refinement of Witt's theory of chromophores and auxochromes. They 
recognized that the chromophore is commonly an electron-withdrawing group, that 
auxochromes are usually electron-releasing groups and that they are linked to one another 
through a conjugated system. In essence, the concept of the donor-acceptor chromogen 
was born. Furthermore, it was observed that a bathochromic shift of the colour, i. e. a shift 
of the absorption band to longer wavelength, might be obtained by increasing the electron- 
withdrawing power of the chromophore, by increasing the electron-re leasing power of the 
auxochromes and by extending the length of the conjugation [11,16]. 
The chromophore and auxochrome theory, which was first proposed more than 100 years 
ago, still retains some merit today as a simple method for explaining the origin of colour in 
dye molecules although it lacks rigorous theoretical justification. The most important 
chromophores, as defined in this way, are the azo (-N=N-), carbonyl (C=O), methine (- 
CH=) and nitro (NOD groups. Commonly encountered auxochromes, groups that normally 
increase the intensity of the colour and shift the absorption to longer wavelengths of light, 
include hydroxyl (OH) and amino (NR2) groups. The concept may be applied to most 
chemical classes of dye, including azo, carbonyl, methine and nitro dyes, but for some 
classes, which are not of the donor-acceptor type, for example the phthalocyanines, it is 
less appropriate. 
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1.7 APPLICATION OF DYES 
Synthetic dyes are extensively used in many fields of up-to-date technology, e. g., in various 
branches of the textile industry [I], of the leather tanning industry [20] in pulp industry [2 1 ], 
in food technology [191, in agricultural research [2], in light harvesting arrays [22], in 
photoelectrochernical cells [23], and in hair colourings [19]. Moreover, synthetic dyes have 
been employed for the control of the efficacy of sewage [24] and wastewater treatment [3], 
for the determination of specific surface area of activated sludge [24] and for tracing 
ground water [2]. 
The use of natural dyes in the UK and the rest of the Western economies have been 
replaced commercially by synthetic dyes, based mainly on aniline and using petroleum or 
coal tar as the raw stock. The range of synthetic dyes available is large and the dyestuff 
business is worth approximately E2.5 billion per year world wide [ 19]. 
1.7.1 Non-textile Application of Dyes 
The application of functional dyes and pigments include a wide range of electronic 
applications [11,14,18,22,23] including liquid crystal displays, microf 11ters, solar cells, 
lasers and optical data storage, some of the developed reprographic techniques, such as 
electrophotography and ink-jet printing and a range of biomedical uses. Figure 1.2 shows 
some of dyes and pigments applications in high-technology. 
1.7.2 Biological and Medical Applications of Dyes 
LUI Photodynamic Therapy (PD7) 
Arguably the most significant recent medical development which involves the use of dyes 
is photodynamic therapy (PDT). PDT is a treatment for cancer that uses a combination of 
laser light, a photosensiti sing compound (the dye), and molecular oxygen. In this treatment, 
the photosensitiser is given intravenously to the patient and some time is allowed (3-96 h) 
so that it equilibrates within the body. During this time the photosensitiser penetrates into 
the tumour cells. Irradiation of the cells with laser light may then initiate their destruction, 
thus providing a potential means for destroying the tumour. The method is rapidly gaining 
acceptance as a treatment for certain forms of cancer, which shows significantly fewer side- 
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effects than conventional treatments. A variety of modified porphyrins have been 
investigated for this purpose and particular promise has also been shown by a number of 
phthalocyanine derivatives [11]. Recently, the use of phenothiazinium dyes such as 
methylene blue and its derivatives in the photodynamic therapy of cancer and its related 
antimicrobial protocols, e. g. blood product decontamination, has been studied by 
Wainwright et al. [25]. 
1.7.2.2 Staining and Fluorescent Staining 
Some colour compounds are being used in biochemistry, biology and medicine for visual 
(qualitative) or for quantitative identification of morphological (e. g. histological) structures. 
These methods are based on the application of colourants as an analytical tool for the 
identification of chemical structures and reactions [18]. Among the most widely used 
fluorochromes in biomedical applications are fluorescein, rhodamines and acridines 
derivatives [11]. 
1.7.3 Dyes as Titration Indicators in Analytical Chemistry 
Dyes are used as indicators in titrimetric analysis of all types. All indicators are donor 
acceptor systems in which the particles donated or accepted may be electrons (in redox 
titrations), protons (in acid-base titrations), or metal ions (complexometric titrations). 
Instrumental analytical techniques such as potentiometry, polography and conductometry 
have been developed and replaced the conventional colour indicators [18]. Phenazine, 
oxazine and thiazines are employed in redox titrations [18]. Azo and triaryl methane used 
as indicators [18]. 
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1.8 ECOLOGY AND TOXICOLOGY OF COLOURANTS: 
1.8.1 Environmental Assessment of Dyes 
The major environmental problem of colourants therefore is the removal of dyes from 
effluents. Untreated effluents from dyestuff production and dyeing mills may be highly 
coloured and thus be particularly objectionable if discharged to open waters. Their dye 
concentration may be well below Ippm, i. e. lower than many other chemicals found in 
wastewaters, but the dye colour will be visible even at such low concentrations [18]. 
1.8.2 Hazards of Dyes 
Health, safety, and environmental issues have become increasingly important in recent 
years, especially in manufacturing industries such as the colourant industry. Organic 
colourants have been used by mankind for thousands of years. Until the late 19 th century 
these colourants were obtained from nature [11]. It was not until after Perkin's discovery 
of the first synthetic dye, Mauveine, in 1856 that organic colourants and their precursors, 
the dye intermediates, began to be manufactured on a large scale. This meant that 
workers in dyestuffs plants became exposed on a large scale to both the colourants 
themselves and the chemical intermediates used to manufacture them. Over many years it 
gradually became apparent that workers who produced dyes based upon 2-naphthylamine 
and benzidine [11] developed a high incident of bladder cancer, and it was later 
established that both these chemicals are potent bladder carcinogens [7]. Once this 
information was known, all responsible colour manufacturers took action to cease the 
production of these proven human carcinogens and their applications in dye 
manufacturing processes [18,23]. 
Any synthetic dye is usually screened at some stage for its safety to human and animal 
health. This has resulted in the withdrawal of several dyes as their hazards become 
recognised, for example, the benzidine dyes, which can cause bowl cancer. Chrome 
colours cannot be used on articles for use by children or on things that come into contact 
with food. Carbon black, the most widely used printing ink pigments, is thought to be a 
potential carcinogen. Natural dyes used in food are screened for safety but the 
information is not known for most of the natural dyes used in craft dyeing, and with 
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potentially wider use. There is a tendency to assume that natural products are safer and 
better than synthetic products because they are natural [ 19]. 
1.8.3 Environmental Damage 
Unsafe disposal of hazardous wastes can affect soil, water or the atmosphere. The route it 
takes from the site of disposal and effect it has depends not only on the physical, 
chemical and biological properties of the wastes but also on the characteristics of the 
disposal site and the underlying geology. Toxic substances contained in hazardous wastes 
not only affect life processes in the flora and fauna, but also damage and destroy natural 
resources. Such contamination may pose a serious threat to the diversity of vegetation 
and animal life [26]. 
1.8.4 Health Effects 
The improper disposal of hazardous waste has serious health implications. Toxic 
substances can enter the body by inhalation, ingestion and absorption through direct skin 
contact. Hazardous wastes can be pathogenic, mutagenic, cytotoxic, and carcinogenic to 
humans, and/ or affect foetal and neonatal growth and development. The potential danger 
posed by a chemical after it enters the environment is mainly a function of its toxicity and 
the extent of human exposure. Exposure may be by direct contact or through the food 
chain. 
The health effects may be acute reactions such as headaches, nausea, and eye or skin 
irritations. There may be long-term damage such as exposure to carcinogens. Long-term 
damage is the most difficult to asses. The extent of long-term damage depends on various 
factors such as different ecological and weather conditions in Newly Industrial Countries 
(NIC's) and nutritional aspects cultural differences and socio-economic conditions. These 
factors may also influence the probability and effects of the exposure [26]. 
1.9 AVAILABLE TECHNIQUES FOR THE DEGRADATION OF DYES 
Table 1.2 gives a compilation of the most widely used methods and the newer 
achievements in the technologies developed for the removal of synthetic dyes from water 
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and wastewater, classification and short description of the methods, critical evaluation of 
the technological processes and the comparison of their advantages and disadvantages, 
with emphasis on the methods used for the dyes investigated in this research study. 
These methods have been discussed under three categories: chemical, physical and 
biological. Currently the main methods of textile dye treatment are by physical and 
chemical means with research concentrating on cheaper effective alternatives. Complete 
mineralization to C02, H20, N03-3, S02 4-, Cl' etc. is the ideal goal, and can only be 
achieved after long periods of treatment and by a combination of these methods. 
1.9.1 Physical Treatments 
1.9.1.1 Adsorption 
Adsorption techniques have gained favour recently due to their efficiency in the removal 
of pollutants too stable for conventional methods. Adsorption produces a high quality 
product and, in some cases, the process is economically feasible. Decolourisation by this 
process is a result of two mechanisms: adsorption and ion exchange [3], and is influenced 
by many physio-chemical factors, such as, dye/ sorbent interaction, sorbent surface area, 
particle size, temperature, pH and contact time [2]. 
1.9.1.2 Activated Carbon 
This is the most commonly used method of dye removal by adsorption [4] and is very 
effective for adsorbing cationic, mordant, and acid dyes and to a slightly lesser extent, 
dispersed, direct, vat, pigment and reactive dyes [3]. Performance is dependent on the 
type of carbon used and the characteristics of the wastewater Activated carbon is 
expensive and the loaded carbon has to be reactivated which usually results in 10-15% 
loss of the sorbent and also there is a noticeable reduction in the adsorption capacity [3]. 
The regeneration of activated carbon using solutions produces a small additional effluent 
which needs to be treated before final disposal. The efficiency of the reactivated carbon 
for dye removal becomes unpredictable and massive doses of carbon are needed for 
wastewater treatment [27]. 
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1.9.1.3 Fly ash and Coal (mLxture) 
Fly ash is a waste material originating in great amounts in combustion processes. Although 
it may contain some hazardous substances, such as heavy metals, it is widely utilized in 
industry for the removal of Omega Chrorn Red ME from effluents in many countries [4]. 
However, bagasse fly ash generated in the sugar industry does not contain large amounts of 
toxic metals and has been widely used for adsorption of dyes. 
1.9.1.4 Silica gel 
An effective material for removing basic dyes [4], however, some side reactions, such as air 
binding and air fouling with particulate matter, prevents it being used commercially. Table 
1.3 shows some inorganic support materials studied for dye(s) removal from aqueous 
solutions. 
Table 1.3: Some inorganic supports materials studied for dye(s) removal from 
aqueous solutions 
Adsorbent(s) Dye(s) 'References 
Fibrous clay Methylene blue [28] 
Mesoporous AIMCM-41 Methylene blue, thionine [29] 
Mesoporous MCM-41 Methylene green [301 
Perlite Methylene blue [31] 
Fe (111)/Cr (111) hydroxide industrial solid waste Methylene blue [32] 
Bone charcoal Compact disc storage 
(CDS) and organic dyes 
[33] 
Fuller's earth Methylene blue [34] 
Glass powder Carminic acid LLSJ I 
Kaolinite Methylene blue - [36] 
Activated clay Brilliant blue FCF [37] 
Petroleum coke Methylene blue [211 
Lime, alum, polyaluminium chloride Methylene blue [381 
Amberlite Methylene blue, azure A, 
azure B, toluidine blue 
[39] 
Silica gel Nile blue [40] 
MUM-4 1: molecular sieves of cetyltrimethylammonium bromide 
1.9.1.5 Peat 
Peat is a porous and rather complex soil material with organic matter in various stages of 
decomposition [4]. The cellular structure of peat makes it an ideal choice as an adsorbent. It 
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has the ability to adsorb polar organic compounds from dye-containing effluents. Peat may 
be seen as a viable adsorbent in countries such as Ireland and UK, where it is widely 
available. Peat requires no activation, unlike activated carbon, and also costs much less [3]. 
Due to activated carbon's powdered nature, it has a much larger surface area, and hence has 
a better capacity for adsorption. Spent peat may be burned and utilised for steam raising, or, 
potentially, as substrate in solid state fermentation (SSF), for protein enrichment. 
1.9.1.6 Agricultural Wastes 
Some low cost botanical materials had directly been used as sorbents for dye adsorption 
from wastewater, which included peanut hull [41], Neern (Azadirachta indica) leaf [42], 
apple pomace, wheat straw, com cob, barley husk [43], Guava leaves [44], palm fruit bunch 
[45], plum kernels [4] and aquatic plants [27]. The use of these substrates for dye removal 
is advantageous mainly due to their widespread availability and cheapness. They are 
economically attractive for dye removal, compared to activated charcoal, with many 
comparing well in certain situations [4,43] at least in laboratory. These materials are so 
cheap that regeneration is not necessary and the potential exists for dye-adsorbed materials 
to be used as substrates in solid state fermentation (SSF) for protein enrichment. Table 1.4 
shows some low cost materials studied for dye(s) removal from aqueous solutions. 
Table 1.4: Some low cost materials studied for dye(s) removal from aqueous solutions 
Adsorbent(s) Dye(s) References 
Neern (Azadirachta indica) leaf powder Methylene Blue _ [421 
Peanut hull Methylene blue, 
neutral red, 
amaranth, 
sunset yellow 
[41] 
Rice husk Methylene blue [46,511 
Indian Rosewood sawdust Methyl ne blue [431 
Silk cotton hull, coconut tree sawdust, sago 
waste, maize cob 
Methylene blue [47] 
Date pits Methylene blue [48] 
Activated carbon from newspaper waste Methylene blue [491 
Sewage sludge-based activated carbon Methylene blue [241 
Banana and orange peels Methyl ne blue [501 
Bamboo dust, coconut shell, groundnut shell Methylene blue [511 
Sawdust and water hyacinth - Methylene blue [521 
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1.9.1.7 Membrane Filtration 
This method has the ability to clarify, concentrate and, most importantly, to separate dye 
continuously from effluent [53]. It has some special features unrivalled by other methods; 
resistance to temperature, an adverse chemical environment, and microbial attack. The 
concentrated residue left after separation poses disposal problems, and high capital cost and 
the possibility of clogging, and membrane replacements are its disadvantages. This method 
of filtration is suitable for water recycling within a textile dye plant if the effluent contains 
low concentration of dyes, but it is unable to reduce the dissolved solid content, which 
makes water re-use a difficult task. Vacuum membrane distillation processes were used for 
treatment of dyed solutions contained methylene blue as a model [53]. 
1.9.1.8 Ion Exchange 
Ion exchange has not been widely used for the treatment of dye-containing effluents, 
mainly due to the opinion that ion exchangers cannot accommodate a wide range of dyes 
[3]. Wastewater is passed over the ion exchange resin until the available exchange sites are 
saturated. Both cation and anion dyes can be removed from dye-containing effluent. 
Advantages of this method include no loss of adsorbent on regeneration, reclamation of 
solvent after use and the removal of soluble dyes. A major disadvantage is cost. Organic 
solvents used for regeneration are expensive and the ion exchange method is not very 
effective for disperse dyes [3]. 
1.9.1.9 Irradiation 
Sufficient quantities of dissolved oxygen are required for organic substances to be broken 
down effectively by radiation. The dissolved oxygen is consumed very rapidly and so a 
constant and adequate supply is required. This has an effect on cost. Dye-containing 
effluent may be treated in a dual-tube bubbling reactor. This method showed that some 
dyes and phenolic molecules could be oxidised effectively at a laboratory scale only [3]. 
23 
1.9.1.10 Radiolytic Degradation 
Steady-state radiolysis experiments were performed to investigate the mechanisms of the 
radiolytic degradation of Acid Orange 7 (A07) in aqueous solutions, which might be useful 
for the application of ionizing radiation for the remediation of azo-dye-laden wastewaters 
[54]. The results showed that under reductive conditions A07 was decomposed through 
N=N cleavage with the formation of aniline, sodium sulfanilamide, I-amino-2-naphthol, 
naphthalidine, 1,2,3,4-tetrahydro-2-naphthol, and 2-naphthol. Whereas under oxidative 
conditions both N=N and C-N cleavages might be the initial steps in the radiolytic 
degradation of A07. 
1.9.2 Biological Treatments 
In recent years, a number of studies have focused on some microorganisms which are able 
to biodegrade and biosorb dyes in wastewaters [2]. A wide variety of microorganisms 
capable of decolorizing a wide range include bacteria, fungi and algae [55]. 
Biodegradation to complete mineralization would be an ideal method to decolourize 
coloured effluents. Unfortunately, however, synthetic dyes are, with very few exceptions, 
xenobiotic [2]. The natural systems of microorganisms in rivers and lakes do not contain 
enzymes which are designed by nature to degrade such compounds under aerobic 
conditions. Under anaerobic conditions, however, such as in the digestion of sewage sludge, 
dyestuff degradation takes place slowly. Biological activity, in liquid state fermentations, is 
incapable of removing dyes from effluent on a continuous basis. This is due to the time 
period of a few days required for decolourisation fermentation processes [4]. In order for 
this to be a viable option for industry, the dye-containing effluent must be held in large 
tanks; this presents problems due to the sheer site size required and is constrained by 
sensitivity toward diurnal variation as well as toxicity of some chemicals, and less 
flexibility in design and operation. Table 1.5 shows some of the microorganisms used in 
treatment of dyes in literature regarding the dyes used in this study. 
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Table 1.5: Some literature biological treatment (Bioadsorption) of dyes investigated in 
this thesis 
Methods of treatment Dye References 
Streptomyces rimosus (dead) Methylene blue [561 
Ganoderma sp. WR- I (white rot fungus) Amaranth [571 
Mg/Pd (fungal biomass system) Sunset yellow FCF, tartrazine [581 
Horseradish peroxidase (HRP) of plant 
origin 
Methylene blue, azure B [59] 
Giant duckweed (Spirodelapolyrrhiza) Methylene blue [271 
Thelephora sp. (white rot fungus) Sunset yellow FCF (orange G) [601 
Pleurotus sajorcaju and Phanerochaete 
chrysosporium 
Amaranth, ponceau 4R, tartrazine [61] 
Anaerobic Baffled reactor Tartrazine [621 
Phanerochaete chrysosporium lignin 
peroxidase (LiP) 
Methylene blue, azure B [63] 
Mammalian metabolism (Non- 
Enzymatic) 
Sunset yellow FCF [8] 
Flavodonflavus (marine fungi) Azure B [641 
Trametes versicolor Amaranth [651 
Clostridium perfringens Amaranth, tartrazine [661 
_ Arthobacter globiformis Acridine orange [67] 
Mixed culture (aerobic/anaerobic) Carmoisine (acid red 14), ponceau 
4R 
[68] 
P. chrysosporium Amaranth, Azure B, Sunset 
yellow FCF 
[69] 
Phanerochaete chrysosporium (LiP) Azure B [701 
1.9.3 Chemical Methods 
1.9.3.1 Oxidative Processes 
This is the most commonly used method of decolourisation by chemical means. This is 
mainly due to its simplicity of application. The main oxidising agent is usually hydrogen 
peroxide (H202). This agent needs to be activated by some means, for example, ultra violet 
light. Methods of chemical decolourisation vary depending on the way in which the H202 is 
activated [3]. Chemical oxidation removes the dye from the dye-containing effluent by 
oxidation resulting in aromatic ring cleavage of the dye molecules [3]. 
1.9.3.2 Fenton's reagent (H202-Fe(II) Salts) 
The oxidation with Fenton's reagent based on ferrous ion and hydrogen peroxide is a 
proven and effective technology for destruction of a large number of hazardous and organic 
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pollutants [1,71]. At pH values less than 4.0 ferrous ions decompose H202 catalytically 
yielding hydroxyl radicals most directly. However, at pH values higher than 4.0, ferrous 
ions easily form ferric ions, which have a tendency to produce ferric hydroxo-complexes. 
H202 is quite unstable and easily decomposes at alkaline pH [1]. 
One major disadvantage of this method is sludge generation through the flocculation of the 
ion salts and the dye molecules. The sludge, which contains the concentrated impurities, 
still requires disposal. It has conventionally been incinerated to produce power, but such 
disposal is seen by some to be far from environmentally friendly [3]. 
1.9.3.3 Ozonation 
Ozonation, as an effective oxidation process, has found application in the degradation of a 
wide variety of dyes in aqueous solutions [1]. This method shows a preference for double- 
bonded dye molecules [2]. 
One major advantage is that ozone can be applied in its gaseous state and therefore does not 
increase the volume of wastewater and with no residue or sludge formation, and also has 
the advantage of not producing inorganic ions. 
A disadvantage of ozonation is its short half-life, typically being 20 minutes. This time can 
be further shortened if dyes are present, with stability being affected by the presence of 
salts, pH, and temperature. In alkaline conditions, ozone decomposition is accelerated, and 
so careful monitoring of the effluent pH is required [3]. One of the major drawbacks with 
ozonation is cost because continuous ozonation is required due to its short half-life [3]. 
1.9.3.4 Photochemical 
This method degrades dye molecules to C02 and H20 [72,73] by UV treatment in the 
presence of H202. Degradation is caused by the production of high concentrations of 
hydroxyl radicals. UV light may be used to activate chemicals, such as H202, and the rate 
of dye removal is influenced by the intensity of the UV radiation, pH, dye structure and the 
dye-bath composition. Depending on initial materials and the extent of the decolourisation 
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treatment, additional by-products, such as, halides, metals, inorganic acids, organic 
aldehydes and organic acids, may be produced [3]. It has been proven that the presence of 
catalysts such as Ti02 enhances the rate of photodecomposition [74]. There are advantages 
of photochemical treatment of dye-containing effluent; no sludge is produced and foul 
odours are greatly reduced. UV light activates the destruction of H202 into two hydroxy 
radicals: 
H202 + hv ---> 2 OW 
This causes the chemical oxidation of organic material. Photochemical degradation in 
aqueous solution, which may occur in lakes and rivers, is likely to progress very slowly 
since synthetic dyes are in principle designed to possess a high stability to light. Table 1.6 
shows some of the chemical oxidative methods used in treatment of dyes in literature 
regarding the dyes used in this study. 
Table 1.6: Some of the studied chemical oxidation methods for dye removal from 
aqueous solutions 
Methods of treatment Dye References 
Vanadium-doped Ti02, TiO2, ýOý "Methylene blue [75] 
Nanocrystalline Ti02 Methylene blue [76] 
Mn02 nanorods/ H202 Methylene blue [771 
Sunlight induced degradation Sunset yellow FCF, 
brilliant blue FCF 
[78] 
Solar energy light irradiation M02 Methylene blue [79,80,73,74] 
UV/Ti02 Amaranth [811 
UV/Ti02 Methylene blue L82,72,83,841 
Fenton process Methylene blue _ [711 
H202/Supported alumina ethylene blue [85] 
1.9.3.5 Sodium hypochlorile (NaOCI) 
This method causes attack at the amino group of the dye molecule by the Cl+ and initiates 
and accelerates azo-bond cleavage. This method is unsuitable for disperse dyes. An 
increase in decolouration is seen with an increase in Cl' concentration. The use of Cl+ for 
dye removal is becoming less frequent due to the negative effects it has when released into 
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waterways [3] and the release of aromatic amines which are carcinogenic, or other toxic 
molecules. 
1.9.3.6 Coagulation 
This technique uses a coagulant and produces flocs together with dye materials. The flocs 
are then separated from the aqueous solution by means of physical sedimentation [86]. The 
application Of MgC12 as a coagulant has been compared with the well known coagulants 
such as alum and polyaluminium chloride (PAC) [37]. The results show that MgC12 is 
capable of removing more than 90% of the colouring material in wastewaters of a dyeing 
and printing mill. MgC12 is shown to be more effective in removing reactive dye than alum 
and polyelectrolyte (PAC) in terms of settling time and amount of alkalinity required [37]. 
1.9.3.7Electro Coagulation 
This is an economically feasible method of dye removal [87]. It involves the addition of 
ferrous sulphate and ferric chloride, allowing excellent removal of direct dyes from 
wastewaters. Unfortunately, poor results with acid dyes, with the high cost of the ferrous 
sulphate and ferric chloride, means that it is not a widely used method. The optimum 
coagulant concentration is dependent on the static charge of the dye in solution and 
difficulty in removing the sludge formed as part of the coagulation is a problem [3]. 
Production of large amounts of sludge occurs, and this results in high disposal costs. 
1.9.3.8 Electrochemical Destruction 
Electro-oxidation is a powerful technique for the purification of many kinds of wastewater 
[20,88-91]. This technique has been used successfully for removing the colour of dyes 
from aqueous solutions [92-101]. In electro-oxidation treatment, the pollutants are 
destroyed by direct anodic oxidation or by an indirect oxidation process, converting all of 
the carbon and hydrogen atoms of the dye to carbon dioxide and water [95]. 
In electrochemical methods the main reagent is the electron [102], which is a "clean 
reagent". This makes these methods widely used in many applications such as 
electrodialysis, metal ion removal and recovery, electrodeionisation, and in the destruction 
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of toxic and non-degradable organics by direct or indirect oxidation [98]. Electrochemical 
treatment of wastewater offers high removal efficiencies and operates at lower temperature 
than non-electrochemical treatment. In addition, the method could prevent the production 
of unwanted side-products by controlling duration time of electrolysis, and there is little or 
no consumption of chemicals and no sludge build up [95]. Relatively high flow rates cause 
a direct decrease in dye removal, and the cost of electricity used is comparable to the price 
of chemicals. 
Researchers used different types of anodes and electrolytes to destroy organics and dyes, 
and suggested that high destruction efficiency can be obtained by changing the anode 
materials and the electrolytes. Naumczyk et al. [103] studied the treatment of textile 
wastewater using Ti/Ru02, Ti/Pt and Ti/Pt/Ir anodes. All three anodes proved to be very 
effective in direct or indirect oxidation of organics in the wastewater. The efficiency of 
organic removal followed the order: Ti/Ru02> Ti/Pt> Ti/Pt/Ir. Abdo et al. [104] used a lead 
sphere anode and sodium sulphate electrolyte to destroy direct dyes but suggested that 
decolourisation was due to the formation of colourless compounds obtained upon rupturing 
the dye molecules. Rajkumar et al. [92] investigated the electrochemical degradation of 
reactive blue 19 using titanium based dimensionally stable anode (DSA) in the presence of 
chloride. They also studied the effects of various operating parameters. 
Donaldson et al. [98] studied the anodic oxidation of dye molecules, methylene blue, acid 
blue 25, reactive blue 2, and reactive blue 15 in chloride solution. Their results showed the 
formation of several intermediate in the electrochemical oxidation of methylene blue from 
its aqueous solution. Davila et al. [100] investigated the electrochemical decomposition of 
textile dyes of different nature. The destruction products identified were aniline and alkyl 
anilines for the studied nitrogen containing dyestuffs [100]. Brillas et al. proposed reaction 
pathway for the mineralisation of aniline to C02andNH4' by anodic oxidation [105]. 
A brief description of the theory of this technique is in section 1.10. 
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1.10 BACKGROUND TO ELECTROCHEMISTRY 
Electrochemistry and its application play an important role in the industrial and commercial 
world. The types of cell reactions are varied, ranging from simple single-phase redox 
reactions, to reactions, which involve a phase transition (metal deposition, gas evolution, 
precipitation) to multistep reactions, which combine chemical and electrochemical process 
[106]. These reactions occur in the wide range of applications of colour removal and 
effluent treatment and which is the focus for this research. This section introduces the 
subject area of electrochemistry; the electrochemical cell, its function and the materials, 
which make up its structure. In order to establish an effective electrochemical effluent 
treatment method, it is important to understand the basic principles involved. 
1.10.1 Electrochemical Reactions and the Electrolytic Process 
Electrolysis is a process in which the decomposition of a conducting solution or molten salt 
is carried out by passing an electric current through them. An electrochemical reaction is a 
reaction involving the transfer of charge as a part of a chemical reaction. 
The electrolytic process requires that an electrolyte, an ionized solution or molten metallic 
salt, complete an electric circuit between two electrodes. When the electrodes are connected 
to a source of direct current one, called the cathode, becomes negatively (-) charged while 
the other, called the anode, becomes positively (+) charged. The positive ions in the 
electrolyte will move toward the cathode and the negatively charged ions toward the anode. 
This migration of ions through the electrolyte constitutes the electric current in that part of 
the circuit. The migration of electrons into the anode, through the wiring and an electric 
generator, and then back to the cathode constitutes the current in the external circuit [ 106]. 
1.10.2 Faraday's Law 
The basic law of electrochemical theory is Faraday's Law, which relates the amount of 
charge involved in an electrochemical reaction with the number of moles of reactant 
reacting and the number of electrons required for the reaction. 
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Q= zmF 
where z= numb er of electrons 
m= numb er of moles 
F= Faraday' s constant (= 96500 coulombs/ mole) 
In addition to Faradaic processes that obey Faraday's Law, non-Faraddic processes may 
also occur. Typically these are processes such as adsorption that do not involve a complete 
transfer of charge from the solution to the metal. 
1.10.3 Mechanism of Electrolysis and the Transport of Ions 
Substances that yield electrically conducting solutions are known as electrolytes. 
Electrolysis is only possible in a cell if at least an anode and a cathode are immersed in an 
electrolyte solution. During electrolysis, electrons must pass from the anode to the cathode 
through an external electrical circuit interconnecting the two electrodes, and there must be a 
mechanism for charge transport between the electrons within the cell. Anions move 
towards the anode and cations move towards the cathode in sufficient quantity to maintain a 
charge balance, and to avoid a net accumulation of charge. The amount of reduction at the 
cathode must be equal to the amount of oxidation at the anode. Once the metal ions are 
discharged on the cathode surface, the solution in the immediate vicinity of the cathode is 
depleted in metal ions. To continue the reaction, these ions must be replenished. There are 
three possible methods [107] in which ions reach the electrode: 
a) Convection-due to the effect of hydrodynamic flow. 
b) Migration-due to the effect of the applied electric field. 
c) Diffusion-due to the effect of concentration gradient in the bulk of the solution 
1.10.3.1 Convection 
There are two types of convection: forced and natural. The forced convection occurs when 
the solution is stirred. Natural convection, on the other hand, occurs whether a solution is 
stirred or not. When a difference in pressure, density, or temperature exists in various parts 
of the electrolyte, then the liquid either begins to move as a whole or in part to counteract 
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the difference. For example, when ions are deposited, on the electrode the density of the 
solution at the electrode-solution interface is reduced. The density change causes an influx 
of ions from the surrounding part of the solution towards the electrode, independent of that 
caused by diffusion. Lower density solution in the vicinity of the electrode surface flows 
upward whilst the higher density solutions flow down into the bulk solution creating a 
movement by convection. The difference between diffusion and convection is, therefore, 
that diffusion occurs because of the changes in concentration of ions and convection occurs 
because of charge density changes [106,107]. 
1.10.3.2 Migration 
This involves the movement of ionic species through a solution under the influence of an 
applied potential in the solution. The potential gradient acts upon the ions to push the 
positive ions towards the negative electrode and the negative ions towards the positive 
electrode. If the concentration of ions reacting at the electrode is small compared to the 
concentration of other ions in the solution, the effect of ionic migration is negligible 
compared to diffusion [ 107]. 
1.10.3.3 Diffusion 
Diffusion occurs as a result of concentration gradients in the electrolyte. A difference in the 
concentration can arise when an electrode takes ions out of a solution by electron transfer; 
so reducing the concentration of ions near the electrode compared with the concentration a 
few thousand angstroms further into the liquid. When this happens there will be a 
movement of ions towards the interface to fill the gap [107]. 
1.10.3.4 Transport ofIons in Dilute Solutions 
In normal electroplating solutions with high metal ion concentration, transportation of ions 
does not cause problems, but in dilute solutions, with less than 1000 mg dM, 3 metal, there 
are several problems. In dilute solutions there is a gradient of ionic concentrations from the 
bulk of the electrolyte to the surface of the electrode where the value is zero at limiting 
current density [108]. This is known as the boundary or diffusion layer, which is wrapped 
inside the blanket of thickness 8 =- 0.5 mm (not stirred solution). The removal of metal ions 
from dilute solutions requires the boundary layer to be broken down or reduced in thickness 
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for electrolysis to be viable. Several factors, however, influence the thickness of the 
boundary layer: the ion removal rate on to the electrode, changes in ion density, the 
resulting convection flow, level of concentration gradient and the counter-forces of 
diffusion. If the thickness of the boundary layer is not reduced and the current density is 
increased beyond that which brings the ion concentration to zero at the electrode surface, 
then other competing reactions such as the evolution of hydrogen will take place thus 
reducing the current efficiency of the process. 
On the other hand, in dilute solutions convection does not bring about mass transportation 
of ions to the surface of electrodes. Migration itself is insufficient to transport the ions 
through the barrier of the boundary layer to the surface of the electrodes. 
In the case of dilute solutions, the only way to transport the ion into the boundary layer up 
to the electrodes is diffusion. There is a gradient of ionic concentration in the boundary 
layer, from that of the bulk electrolyte to that at the electrode, which is zero at limiting 
current density. 
1.10.4 Theory of Electro-oxidation Process 
Electrochemical oxidation of many organic pollutants in aqueous solutions on anode could 
take place by direct electron or oxygen atom transfer. In addition to direct oxidation, 
organic pollutants can also be treated by an indirect electrolysis generating chemical 
reactant to convert them into less deleterious products. Oxidation of these pollutants might 
go right to carbon dioxide and water via successive reactions; each of them could proceed 
through several steps such as mass transport, adsorption and direct or indirect reaction at 
the anode surface [102]. The direct electrochemical oxidation of organic compounds could 
generally occur via a mechanism in which the first step is the oxidation of water molecules 
on the electrode surface (MOx), giving rise to formation of hydroxyl radicals according to 
Awad and Abo Galwa [ 102]. 
M0x + H20 --> M0x [OH'b] + H+ + e- (1) 
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The produced hydroxyl radicals can, if it is possible, oxidize the underlying oxide lattice to 
a higher state forming the so-called higher oxide: 
MOX OH 0] --> MOx [01 + H+ + e- (2) 
The only role of the formed higher oxide is the participation in the formation of selective 
oxidation of the organic pollutants (R) without complete mineralisation: 
M0x [0] +R --> RO + M0x 
It is to be noted that the above route can takes place only if the transition of the underlying 
oxide to a higher oxidation state is possible and the electrodes of this class are called 
"active electrodes". However, if this is not possible, the electro generated hydroxyl radicals 
could directly oxidize the organic compound to carbon dioxide and water, effectively 
similar to the combustion of the organic compound: 
MOx [OH*] +R -> M+ MC02 + nH20 + H+ + e- (4) 
and this class of electrodes are called "non-active electrodes" 
The electrochemical cell required consists of electrodes (mesh or plate) usually a cathode 
made of mild steel or titanium and a non-sacrificial anode with high oxygen evolution 
(platinised titanium (Pt/Ti), graphite, Pb, Pb-alloy, Pb02, Sn02, IrO2-Coated titanium or 
mixed metal oxides). It is reported that these anodes make considerable voltage savings in 
the electrolysis and make the system more cost effective [106]. In the electrolysis, 
reduction generally occurs at cathodes and oxidation occurs directly or indirectly at the 
anodes so that, removal of undesired organic and inorganic compounds are possible. This 
process achieves the oxidation of organic compounds with little consumption of electrolyte 
and very little or no sludge production. 
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Indirect electrochemical oxidation of organic pollutants occurs via "in situ" 
electrogeneration of catalytic species with powerful oxidizing property capable of 
eliminating the detrimental pollutants from their solutions by converting them into harmless 
compounds. Although a large number of electrogenerated oxidants can be used such as 
Fenton's reagent [109] and ozone [110], hypochlorite ion is the most widely employed 
oxidant in wastewater treatment [20,99,101,102]. 
Factors which have been shown to be responsible for the decolourisation at the anode in a 
NaCl electrolyte are as follows: 
m Active chlorine formation (C12, HOCI, OCI*) 
Oxygen evolution 
Dye destruction 
The mechanism of the electro generation from a solution containing chloride ions involves 
two steps, the first of which is the primary oxidation of chloride ions to chlorine at the 
anode surface according to Awad and Abo Galwa [102]. This followed by the secondary 
solution phase reaction resulting in the formation of hypochlorous acid, which undergoes 
dissociation into hypochlorite and hydrogen ions: 
At the anode: 
2 H20 -> 02 +4 H+ +4 e- (5) 
2 Cl- -> C12 +2 e- (6) 
OH- -* OH" +C (7) 
At the cathode: 
2H20 + 2C -> H2+20H- (8) 
(In electrolyte) 
C12 +2 01-1- -)- H20 + OCI- + Cl- (9) 
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Research work [871 has suggested that the most important of these factors is the formation 
of cathodic hypochlorite and anodic free chlorine, which act as oxidizing agents to oxidize 
the dye molecule. 
The electrolysis of aqueous bromide solution produces bromate in a similar chemistry to 
that of chlorate although the disproportionation reaction between bromite ion and 
hypobromous acid is much faster [106]. 
At the cathode: 
2 H20 +2 e- -4 
H2 +2 OH- 
Br2 +2 e- --> 2 BF 
Br03- +6 H+ +6 e- -+ BF +3 H20 
At the anode: 
2 BC -* Br2 +2 e- 
BF +3 H20 -> Br03- +6 H+ +2 e- 
The chemistry of the anodic oxidation of iodide solutions is analogous to that of chloride 
and bromide although the competing discharge of hydroxide ions to oxygen is not 
significant. The chemical formation of iodate from the disproportionation reaction is faster 
than the analogous reaction for bromate and no hypoiodite builds up in solution [ 106]. 
Goswami [I 11] used sodium meta-bisulphite as an electrolyte for degradation of azo dyes 
and claimed that Na2S205 enhanced degradation due to the presence of the bisulphite ion 
(HS03-) in the solution. The HS03- was formed when the meta-bisulphite ion hydrolysed 
in water, and was reduced at the cathode to yield dithionite ion (S204 2-) . The dithionite is a 
strong reducing agent, most probably because of formation of the sulphoxylate radical 
anion (S02-0) [112]. The following reactions describe the process: 
2 HS03- +2 H+ +2 e- -)ý 
S204 2- +2 H20 
S204 2- 
-> 2 
S02-* 
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The electrochemical reduction of nitrate to ammonia and nitrogen e. g., 
3 NaN03 +3 H20 -> NH3 + 
N2 +3 NaOH + 9/2 02 
occurs with the corresponding formation of oxygen and caustic at the anode [ 1061. 
Peroxydisulphate is formed by the anodic oxidation of a sulphate electrolyte in which the 
following reactions are principally involved [106]: 
2 SO 4 2- -ý S208 2- +2 e- 
2 HS04- --> S208 2- +2H++2 C 
In the aqueous electrolyte the anodic formation of oxygen will be a competitive reaction 
and thus the electrosynthesis requires high overpotentials. Furthermore the efficiency of the 
process is affected by the H+ ion catalysed hydrolysis of persulphate ions: 
S208 2- + H20 -4 
HS04- + HS05- 
following which the peroxymonosulphate ions can be oxidized according to: 
HS05- + H20 -ý HS04- +2 H+ + 
02 +2 e- 
In the present work, sodium chloride, sodium bromide, sodium iodide, sodium 
metabisulphite, sodium sulphate, sodium acetate, sodium nitrate and sodium carbonate 
were used as supporting electrolytes in the electrolytic degradation of the dyes. On the basis 
of the literature review, the reaction mechanisms on the formation of hypochlorite ion and 
free chlorine from NaCl electrolyte and the free radical anion (SO2-*) formation from 
sodium meta-bisulphite electrolyte are discussed above. 
But no evidence of free radical formation from sodium sulphate and sodium carbonate has 
been found that can enhance the degradation of the dye molecule [I 11]. It is postulated that 
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these two electrolytes were used only to make the solution conductive, and any extent of 
degradation of the dye achieved here was only due to evolution of free oxygen at the 
anodes. 
1.11 AIMS AND OBJECTIVES OF THE RESEARCH WORK 
The aims of this research work are: 
> To highlight the problems associated with the management of textile effluent 
streams containing dyes. 
> To optimise the electrochemical processes for the removal and destruction of 
synthetic textile dyes in aqueous solutions. 
The main objectives of this research work are: 
> To apply the electrochemical processes for the removal and destruction of synthetic 
food colours. 
> To investigate the application of simple techniques to extract natural dye from 
different plants. 
> To investigate the application of natural-derived colourants for dyeing textile 
fabrics. 
> To apply the electrochemical processes for the removal for residual natural 
pigments and dyes in aqueous solutions. 
1.12 THE SCOPE OF THIS WORK 
This introductory chapter describes the background to the present work. The colour fastness 
assessment methods of textile fabrics are described in chapter two. It is followed by four 
chapters containing experimental details and the final chapter contains the conclusions of 
this work. 
The effects of different operational parameters on the removal and degradation of aqueous 
solutions of methylene blue and related phnenothiazines, oxazines, azine and acridine dyes 
by electrochemical process are discussed in Chapter three. 
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Chapter four describes the electrochemical processes used for the removal and degradation 
of eight permitted food colours: amaranth, carmoisine, ponceau 4R, sunset yellow FCF, 
tartrazine, blue food colour, green food colour and yellow food colour in aqueous solutions. 
Chapter five describes the processes used for the extraction of natural dyes from 53 
different types of plants and one dye of animal origin. These natural dyes were used to 
colour three kinds of textile fabrics, paj silk (animal origin), brushed twill cotton (plant 
origin) and crystallized shimmering satin (synthetic). The data on colour fastness to wash 
and light (natural and artificial) of these natural dyes is also given in this chapter. 
Chapter six describes the electrochemical treatment of aqueous solutions containing 9 
natural dye extracts (spinach, green tea, saffron, turmeric, binary mixture of curcumin and 
annatto, beetroot, sumac, roselle and henna), and one natural animal-derived colourant 
(cochineal). 
The conclusions of this work along with the recommendations for future work are given in 
chapter seven. 
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2.1 TIMMETHODS TO MEASURE COLOUR FASTNESS OF TEX"rILES 
Many or the conditions in which textiles are used, processed or stored can have a 
detrimental effect on the colour of the textile. Typical examples are colour bleeding, loss or 
transfer to other adj3cent textiles, in %%-ashing, when wa from the rain, after swimming or 
with pcrspir3tion. The dye, colour, can be destroyed or changed by the action of light and 
chemicals found in common household cleaning agents and atmospheric contaminants. The 
ability of the colourcd textiles to withstand these various changes is called its Colour 
Fastness Properties. It should be noted that to date there is no such thing as a completely 
colour fast textile [1,21. It is always possible to rind conditions under which the dyes used 
to colour the textiles can be destroyed or made to Wed. For this reason when colourcd 
textiles that have been used successfully under specific conditions the fastness should be 
rc3ppraiscd if the conditions change. For example fashion wear used for 
industriallcorporate wcar purposes. 
The methods of physical tests do not cover tests to satisfy final consumcr, e. g. washing, 
perspiration. light fastness are only required. 13ut also tests for the reaction of colour to 
production processing like fusing, steaming or milling of wool and others dcterminc 
properties %%hich arc important to the dyer and finisher. 
2.1.1 The History of Colour FastnCS3 Test Methods 
Tcsts to evaluate the colour fastness or tcxtues have been in the UK since 1934, whcn the 
Society of Dycrs and Colourists; (SDC), Bradford, first published some basic test methods. 
Other organisations such as the American Association of Textiles Chemists and Colourists 
(AATCC), British Standards Institution (BSI) and other countries have also introduced test 
methods over the )-cars. These test methods arc often referred to as 'Standards', which 
detail a procedure from which consistent, reproducible and meaningful results can be 
obtained. The standards do not generally specify performance requirements [1]. 
With die rormation of the International Standard Organisation (ISO) in the 1940's, truly 
international methods appeared. Njost of these methods have been adopted for use in all 
Eurojvan Union countries. Many countries still retained their own national standards. The 
47 
numbering of these standards therefore became complicated. Many EU member states have 
retained a country prefix in addition to the European/International Standard reference [I ]. 
For example, Colour Fastness to Rubbing: 
BS EN ISO 105 X12 (UK) 
DIN EN ISO 105 X12 (Germany) 
NF EN ISO 105 X 12 (France) 
It is important to note that all three of these standards are technically the same [I 
A hydro thermograph is used to measure the temperature and humidity of the operating 
laboratory conditions (Plate 2.1) which is the international standard [ 11. 
Plate 2.1: Hydro thermograph for measuring humidity and temperature 
Below are the most common colour fastness tests carried out for most retail groups in the 
UK and Europe. 
2.1.2 Colour Fastness Assessments 
Colour fastness means the resistance of the hue of textiles to the different agents to which 
they may be exposed during manufacture and subsequent use [ 1,21. 
The colour change and potential to stain other fabrics are graded using a 1-5 scale. The 
tested samples (often 40 mm x 100 mm) are visually assessed against a series ofpairs of 
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grey chips (Plate 2.2) with an increasing difference in colour between 5 no difference 
(good) to I the greatest difference (poor). Two sets are used, one for colour change, ISO 
105, and one for staining, ISO 105 A03. Instrumental methods are also available for 
grading specified lighting illuminants and sample presentation. Samples tested to the colour 
fastness to light method are assessed by a series of blue standards described in section 
2.2.4. 
Plate 2.2: Grey scale chips for assessing change in colour 
2.1.3 Cross Staining 
The methods of testing dyes as to behaviour toward each of the various agents are as 
follows: 
A specimen of dyed textile in intimate contact with an undyed specimen of the same or a 
different textile is subjected, on the laboratory scale, to conditions simulating those met 
with in processing or use. In all cases the change in colour of the dyed specimen and, where 
appropriate, the staining of the undyed cloths, are assessed visually using the standard grey 
scale [1,21. In certain cases, e. g., bleach fastness, gas fading, there is no need to have 
undyed cloths present, only the change in colour being relevant. 
It is now common practice to use a multifibre strip typically 40 mm x 100 mm, containing 
different fibres rather than single fibre adjacent fabrics [I]. The most common type used in 
49 
Europe is type DW, which contains Diacetate, Cotton, Nylon, Polyester, Acrylic and Wool 
(Plate 2.3). Other types of multifibre strips are available, some of which contain different 
fibres. Not all multifibre strips achieve the same results when tested side by side, so it is 
important that the correct type is used. 
Plate 2.3: DW multifibre test fabric strip 
2.1.4 Colour Fastness to Light (BS EN ISO 105 B02) 
The test is used to determine if a textile changes colour or if the colour is destroyed by the 
action of daylight. A specimen of the dyed or printed textile is exposed to daylight under 
standard conditions, including protection from rain, along with eight dyed wool standards 
(Plate 2.4) [2]. 
It can be seen from Plate 2.4 and Table 2.1 that the standard wool dyes are all blue dyes. 
This at first sight may appear strange when one considers that dyes of every hue, applied on 
different substrates, have to be tested for light fastness. 
The change in colour is assessed by eye by reference to five pairs of grey dyed chips, each 
pair representing a visual difference and contrast. By this means the degree of fading of any 
hue can be assessed, via the standard grey scale (Plate 2.2), in relation to the official 
standards [2]. 
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The process of fading in daylight is generally slow and tests may take months to complete. 
Laboratory instruments have been designed and are in use in which intense artificial light is 
employed to accelerate the fading process. Such instruments are for the most part used 
comparatively [2]. 
Plate 2.4: 1-8 Scale of blue standards and humidity control fabric B02 
Table 2.1: List of standard wool dyes 121 
Light 
fastness 
rating 
Dye C. I. designation C. I. 
number 
Chemical class 
I Acilan brilliant blue FFR Acid blue 104 42735 Triarylmethane 
2 Acilan brilliant blue FFB Acid blue 109 42740 Triarylmethane 
3 Coornassie brilliant blue R Acid blue 83 42660 Triar Imethane 
4 Suprarnin blue EG Acid blue 121 50310 Azine 
5 Solway blue RN Acid blue 47 62085 Anthraquinonoid 
6 Alizarin light blue 4GL Acid blue 23 61125 Anthraquinonoid.. 
7 Soledon blue 413C Powder Solubilised vat blue 5 73066 Indigoid 
8 Indigosol blue AGG Solubilised vat blue 8 73801 Indi Yoid 
An artificial daylight is achieved by use of a 'filtered xenon arc' light source (the xenon 
lamp has an emission wavelength profile close to daylight) and samples are exposed at a 
controlled temperature and humidity (Plate 2.4). Colour fastness to light in Europe is 
assessed using a 1-8 scale of blue standards (I being very low fastness and 8 being 
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excellent fastness) which fade at predetermined geometric intervals. These blue standards 
(often referred to as Blue Wool or Pigment Print) are simultaneously exposed with the test 
specimens to the I ight source (Plate 2.5) [1]. 
Plate 2.5: 1-8 Scale of blue standards before and after exposing to light source 
The humidity control fabric (Plate 2.4) is an azoic dyed cotton fabric with specified fading 
properties, which varies with the amount of relative humidity [3]. It is used as a calibration 
tool for light fastness testing. When the humidity of the light fastness testing machine is 
correctly set it will fade at an identical rate to the light fastness standard Number 5. 
For general apparel, retailers usually specify a standard of 4 as a minimum requirement. For 
some apparel end use e. g., outwear, a minimum standard of 5 is required, whilst home wear 
is often expected to achieve a standard of 5 or 6 [1 ]. The blue standards are faded to a 
predetermined contrast as assessed using the grey scale for colour change. When the correct 
level of fading on the blue standard has been achieved, the test specimens and blue 
standards are removed from the light source. The final result allocated to the test specimens 
is the number of the blue standard that shows the same degree of fading as the specimen. 
The minimum specimen size is 10 mm x 45 mm. 
52 
The process of fading in daylight is generally slow and tests may take months to complete. 
Laboratory instruments have been designed and are in use in which intense artificial light is 
employed to accelerate the fading process (Plate 2.6). Such instruments are for the most 
part used comparatively [2]. 
14 mm 
-. t- 
I 
Plate 2.6: Fabric samples exposed to a filtered xenon arc light source 
2.1.5 Colour Fastness to Washing BS EN ISO 105 
2 1.5.1 Domestic and Commercial Laundering COI to C05 (soap), 
C06 (phosphate detergent) 
C08 (non phosphate detergent) 
C09[UK-TO 
A range of international tests are available for use. The tests are used to determine the 
colour change and staining potential of dyed material when washed under standard 
conditions (Plate 2.7) [1]. 
The standards numbered COI to C05 use a wash solution of soap and 'washing socla'. 
These tests do not represent current washing practice and may therefore give misleading 
results. These standards are rarely used nowadays. 
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-c 
Plate 2.7: Textile washing machine 
The C06 method uses a detergent (rather than a soap) and sodium perborate in the test 
solution and incorporates a range of different temperatures and conditions relating to 
domestic and commercial laundering using traditional phosphate based detergents. This is 
the test procedure that is most commonly specified by retailers [11 although it is very likely 
that this will change in the next few years, as the method does not indicate how the colour 
will perform with low temperature bleach activators. 
The latest development is the C08 standard, which was published during 2001. This is a 
new test, similar to the C06 test but using a non-phosphate detergent, typical of today's 
domestic detergent formulations. 
The C09 test determines the effect of bleach activated detergents on the long term colour 
stability of specimens washed at low temperatures. This single test method predicts the 
colour loss that will occur over 10 to 20 domestic washes. Assessment of the staining 
potential is not evaluated within this test-no multifibre strip is added. 
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ZI. 5.2 Hand Washing 
Dyed and undyed samples in contact are agitated in a soap solution, rinsed and dried. 
Change in colour of the dyed samples and degree of staining of the undyed samples are 
assessed in the normal way [2]. 
A visit and tour of testing laboratories was made to Precision Processes Textiles (PPT) in 
Ambergate, Derbyshire on 16th August 2006. Sections 2.1.6-2.1.11 detail some of the tests 
and instruments used in assessing the durability of dyed textile fabrics. 
2.1.6 Colour Fastness to Dry Cleaning (BS EN ISO 105 D01) 
The test indicates the colour change and the colour transfer into dry cleaning solvent 
(perchloroethylene). Some of the retailer specific tests also include multifibre strip to assess 
the staining potential onto other fibres, and sometimes this detects very poor fastness [1]. 
The test, however, may not always be representative of the procedures used in professional 
dry cleaning services. 
2.1.7 Colour Fastness to Water (BS EN ISO 105 E01) 
This test stimulates the potential for cross staining when a wet coloured textile is in 
intimate contact with another. It can give an indication of the possible staining that may 
occur if the wearer perspires [1], but it will not predict the colour change of some textiles 
due to the action of chemicals in the perspiration. It may be useful for detecting cross 
staining when garments are professionally 'wet' cleaned. 
A specimen of the textile in contact with the adjacent fabric is immersed in water, drained 
and placed between two plates under a specified pressure [4]. The specimen and the 
adjacent fabrics are dried separately. The change in colour of the specimen and the staining 
of the adjacent fabrics are assessed with grey scales. The test duration under pressure is 4 
hours at a temperature of 37'C, a suitable testing device is a Perspirometer. 
55 
2.1.8 Colour Fastness to Perspiration (BS EN ISO 105 E04) 
This test stimulates the potential for cross staining when a coloured textile wetted with 
perspiration is in intimate contact with another [I J. The test is carried out in both acid and 
alkaline artificial perspiration solutions of histidine ((x-amino-P-(iminazol-4-yl) propionic 
acid) to account for the differences between different sections of the population (Plate 2.8) 
[2,4]. 
Plate 2.8: Wick tester for measuring perspiration 
2.1.9 Colour Fastness to Water Spotting (BS EN ISO 105 E07) 
The colour fastness to water spotting is the resistance to the action of water drops on dyed 
fabric surfaces [I ]. A sample of the fabric has 2 water drops placed on the surface. One 
drop is dried after 30 minutes with absorbent paper and the other left for 16 hours. The 
change of colour of the fabric sample is evaluated using the change of colour Grey Scale. 
2.1.10 Colour Fastness to Chlorinated Water (BS EN ISO 105-EO3) 
This method determines the resistances of the colour of textiles to the action of active 
chlorine in concentrations such as are used to disinfect swimming-bath water. A specimen 
of the textile is treated with a weak chlorine solution of a given concentration and dried. 
The change in colour of the specimen is assessed with the grey scale. The test duration is I 
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hour at a temperature of 27'C; a suitable testing device is a Gyrowash as used for the 
colour fastness to washing tests [5]. 
2.1.11 Colour Fastness to Rubbing (BS EN ISO 105 X12) 
This method is intended for determining the resistance of the colour of textiles to rubbing 
off and staining other materials when it is worn [I]. Specimens of the textile are rubbed 
with dry rubbing cloth and with wet rubbing cloth. Physical movement creates a rubbing 
action against adjacent fabrics or garments (Plate 2.9). The testing device known as a crock 
meter [5] comprises a rubbing finger cylinder moving to and from in a straight line along a 
10 cm track on the specimen with a downward force of 9 N. 
Plate 2.9: Rubbing tester against fabric for colour fastness 
The test duration is 10 times to and from in 10 seconds. The test does not assess the 
appearance of the area that has been rubbed on a sample, which can sometimes show 
'frosting'. The staining of the rubbing cloths is assessed with the grey scale [5]. 
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3.1 INTRODUCTION 
The widespread conscientiousness of the need to avoid and minimize environmental 
contamination has greatly increased the interest in the elimination of hazardous organic 
compounds, including dyes, present in a wide range of industrial effluents [1,2]. 
Different types of dyes are being used in large quantities in various industries including the 
textile industry. The residual concentrations of these dyes are commonly present in 
industrial effluents mainly coming from textile plants [2-4]. Effluents containing dyes 
readily demand attention because their intense colour even at high dilution means they are 
highly visible and affect the water transparency and can alter biological cycles [5-7]. For 
these reasons, dye containing effluents have attracted the attention of researchers and 
environmentalists alike, searching for alternatives to avoid and/or minimize their polluting 
potentials [1,8]. 
A literature review on this subject matter has revealed the importance of various 
approaches to handle the wastewater streams containing dyes [9]. Technological systems 
for the removal of different types of dyes can be divided into a) physical methods, b) 
biological methods and c) chemical methods. Physical methods include adsorption on 
mango pit [10], date pit and olives stones [11], passion fruit and mandarin peels [12], rice 
straw [13], sand [14] and Fe (III)/Cr (111) hydroxide sludge [7]. Biological methods include 
biodegradation and biosorption [15-17]. Chemical methods such as Fenton's reagent [18, 
19] and other oxidation procedures [20] are the most frequently used. 
Recently, photocatalytic degradation has received great attention for the removal of a 
commercial dye, methylene blue, from aqueous media [9,11,21-28]. Combined photo- 
electrochemical methods have also been used for the removal of methylene blue [2,29]. 
In the last decade, advanced oxidation processes (AOPs) were widely used for the 
treatment of wastewater since they were able to cause the destruction of organic pollutants 
in aqueous solution [30-35]. Among these advanced oxidation processes, electrochemical 
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treatment has received greater attention in recent years due to its unique features, such as 
versatility, energy efficiency, automation and cost effectiveness [36,37]. 
In electrochemical techniques, the main reagent is the electron, called a 'Clean Reagent' 
because it degrades all the organics present in the effluent without generating any 
secondary pollutant or by-product/sludge [36,38]. Eventually, the dye is converted directly 
into C02 and H20; a process commonly referred to as electrochemical mineralization or 
combustion [9]. The electrochemical technique offers high removal efficiencies and has 
lower temperature requirements compared to non-electrochemical treatments. In addition to 
the operating parameters, the rate of pollutant degradation depends on the anode material. 
Above all, the electrochemical reactors are compact, simple and the rate of pollutants 
removal is very rapid [39]. 
When the electrochemical reactors operate at high cell potential, the anodic process occurs 
in the potential region of water discharge, and hydroxyl radicals are generated [6,34,37, 
40,41]. On the other hand, if chloride is present in the electrolyte, an indirect oxidation via 
active chlorine can be operative [4,5,42,43]. 
Methylene blue is a cationic phenothiazine dye, used extensively for dyeing and printing 
cotton, wool and silk [11]. Methylene blue has been widely used in biomedical research 
[44], and was the lead compound in several important clinical areas [45-50] because of its 
antiseptic properties [51]. The presence of this dye in wastewater may cause effect in the 
eye, or nausea, vomiting and diarrhea [11] and other effects [52,53]. 
Although there is extensive literature available on electrochemical treatment of wastewater 
containing dyes [1,4-6,8,31-33,39,40,43,54-57], few studies have been devoted to 
cationic dyes such as methylene blue or related phenothiazine dyes [38,58,59]. In the 
present work, investigations of the decolourisation of aqueous solutions of methylene blue 
and related phrienothiazines, oxazines, azine and acridine dyes by electrochemical process 
were undertaken and the effects of different operational parameters on the removal of these 
dyes were studied. 
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The phenothiazinium dyes were first synthesised in the late 19th century - e. g. both 
methylene blue (Caro) and thionine (Lauth) in 1876 [60]. 
Oxazines represent one of the oldest classes of delocalized cationic dyes. They are bright, 
intense dyes with moderate to good light fastness properties [61]. They are related to 
thiazine dyes by replacement of sulphur in the hetero ring by oxygen. 
The main objectives of this research work are: 
> To investigate the optimum conditions for complete colour removal and degradation 
of methylene blue by using the electrochemical processes. 
> To apply the optimised operational parameters to the colour removal for related 
dyes. 
> To study the effect of substituents on the aromatic rings of phenothiazine dyes (e. g. 
methyl and nitro groups), and the hetero atoms of phenothiazine, oxazine, azine and 
acridine dyes by using the electrochemical processes. 
3.2 EXPERIMENTAL 
3.2.1 Dyes and Chemicals 
Methylene blue, azure A, azure B, azure C, toluidine blue 0, new methylene blue, 1,9- 
dimethyl methylene blue, thionine, methylene violet, resoruf*in, neutral red and acridine 
orange were all purchased from Sigma-Aldrich Chemicals (Gillingham, UK) and 
methylene green and Nile blue were obtained from Acros Organics. 
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Figure 3.1: Chemical structures of phenothiazine dyes investigated in this study 
Figure 3.1 shows the chemical structures of methylene blue and related phenothiazine dyes 
and Figure 3.2 shows the chemical structures of oxazines, azine and acridine dyes. Table 
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3.1 summarises some of the health hazards and side effects of the investigated dyes in this 
study. All dyes were used without any further purification. 
Several supporting electrolytes such as Na2CO3, CH3COONa, NaN03, Na2S205, Na2SO4. 
NaBr, Nal and NaCl have been employed to elucidate their influence on the 
electrochemical treatment. Chlorine gas was obtained from BOC Special Products, UK and 
dissolved in cold distilled water to obtain Chlorine water (02/1-120) which was used to 
decolourise dyes from aqueous solutions. All other chemicals were of analytical reagent 
grade and used as supplied. Distilled water was used to prepare all solutions, and deionised 
water was used in TOC analysis. 
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Figure 3.2: Chemical structures of oxazines (Nile blue and resorurin), azine (neutral 
red) and acridine (acridine orange) 
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Table 3.1: Health hazard and side effects of the investigated dyes in this study 
Dye Colour 
index 
Status Comment 
AA 52005 1 Harmful [62] 
AB 52010 1 Harmful [62] 
AC 52005 P Cellular damage in vit o tests [63] 
MB 52015 F+1+1'+P May cause dryness of mouth, flushed skin, rapid 
pulse, blurred vision, dizziness, haernolytic anaernia, 
cyanosis and methaernaglobinaernIa. Animal 
mutagen, moderately to highly toxic, may cause 
Heinz bodies haemolytic anaennia, contact can cause 
staining of the eye, stinging and lacrimation, risk of 
DNA damage [64,65,661 
NMB 52030 Hazard in contact with eyes and skin [62] 
DDMB n. a. Harmful, possible mutagen [67] 
TBO 52040 I+T+P Harmful, animal mutagen, combustible, blood and 
gastrointestinal disorder reports [62,64,68,69] 
NR 50040 I+T Dermatitis and cornbustible, harmful [62,64,69,70] 
TH 52000 1 +T Harmful [621 
NB 51180 1+T Insufficient data [64,691 
RS I Harmful [62] 
AO 46005 I+T+P Combustible, cause hypersensitivity reactions 
rnutagen and harmful [62,64,691 
MG 52020 1+ Harmful [67] 
MV 52041 U Hazard properties not established [69] 
T= Toxic, F= Flammable, P= Probable carcinogen, U= Unknown, I= Irritant, 
n. a. = not available 
3.2.2 Experimental Set-up for Electrolysis of Phenothiazine, Oxazine, Phenazine and 
Acridine Dyes 
The electrolytic cell consists of a Pyrex beaker of 5L capacity (Plate 3.1). The cell 
contained three circular electrodes (two mixed metal oxide coated rnesh anodes and a 
stainless steel mesh cathode). The lay out arrangement ol' these were: anode - cathode - 
anode with 2 cm gap between thern. The dimensions of the mesh cathode was 7.0 cm 
23.5 cm (height x diameter) and dimensions of the two mesh anodes were 7.0 cm x 13.0 
cm and 7.0 cm x 33 crn (height x diameter) respectively. 
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Plate 3.1: Experimental set-up for electrolytic oxidation of phenothiazine, oxazine, 
phenazine and acridine dyes 
All experiments were conducted at ambient temperature. A DC power supply (Thurlby 
model PL154, RS Components, Ltd., England), having an input of 230 V and variable 
output of 0-15 V with maximum current of 4A was used as a direct current source. 
Magnetic stirring (KIKA R08 model, Germany) was used in order to keep the solutions in 
the compartment well-mixed during electrochemical oxidation. 
3.2.3 Apparatus and Analysis 
The centrifuge used was a Cenatur with speed (2500 rev/ minute). The pH meter was 
Mettler delta (Toledo) 320 Model pH-meter, calibrated with buffer solution (pH 4 and pi 17 
± 0.05). A Perkin-Elmer Lambda 9 UV-visible Spectrophotometer was used in this work for 
the determination of dye concentrations at the maximum absorbance in the range of 225- 
725 nm. Total organic carbon (TOC) was determined by using a model 700 (0-1. 
Corporation) TOC analyzer. 
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High performance liquid chromatographic (HPLC) system equipped with a UV detector 
(Cecil 1100) and operated at 290 or 340 nm (or otherwise specified) wavelength was used 
to monitor the degradation reaction. The system contains a column (12.5 cm long and 4.5 
mm in diameter) packed with spherisorb octadecylsilane (ODS-2) 5ýtrn (CJ8 packing, 
Restek), a silica based packing, with a reversed-phase eluent of acetonitrile: water (90/10 
v/v) or (70/30 v/v) and flow-rate I ml/min.; column temperature, ambient; injection volume, 
20 ptl via a Rheodyne valve, detection wavelength 290 and 340 nm; detector sensitivity 
0.05-0.2 a. u. f. s (absorbance unit full scale); chart speed, 5 mm. /min., recorder setting 10 Mv. 
Two litres of solutions of each dye were prepared by dissolving the required amount of the 
dye in distilled water to make a 50 mg/I of dye solution or as otherwise specified. At the 
beginning of each experiment the electrolytic cell was filled with 2 litres of dye solution and 
the required amount of the electrolyte was added to the solution. During the experiments, 
the pH of the solution was monitored constantly. Experiments were performed in duplicate 
(replicate in case of electrolysis of MB in aqueous solutions of Nal, NaBr, CH3COONa and 
Na2CO3) and found to be reproducible. 
About 20 ml of the solution was sampled at predetermined intervals from the middle part of 
the electrolytic cell by a glass pipette. The samples were analysed by UV/visible 
spectrometer, HPLC and TOC analysis. Decrease in the intensity of absorbance at the 
visible range X.,,, or in the HPLC chromatograms of the investigated dyes were taken as an 
indication of decolourisation due to transformation of dyes. 
In some selected experiments the aqueous solutions resulting from electrochemical 
treatment were also analyzed by TLC. The thin layer chromatography (TLC) utilized 
commercial fluorescent silica gel (7.5 cm x 2.5 cm) plates or alumina coated on aluminium 
sheet (60 F254, neutral type). Preparative silica gel was also used in some analysis. The 
analysis for the products from electrolysis used chloroform: ethyl acetate (94: 6), and for the 
original dyes a mixture of (dichloromethane: methanol: acetic acid (7: 3: 1) was employed. 
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3.3 RESULTS AND DISCUSSION 
The research work described in this chapter is divided into three sections (i) optimization of 
the conditions for colour removal and destruction of the phenothiazine dye methylene blue 
as a model by an electrochemical process, (ii) investigation of the effect of substituents 
variation on the colour removal and degradation of related phenothiazine dyes by the 
electrochemical process (iii) investigation of the effect of altering the heteroatom of the 
phenothiazine chromophore on the colour removal and degradation of the related oxazine, 
azines and acridine dyes by the electrochemical process. 
3.3.1 ELECTROCHEMICAL DEGRADATION OF METHYLENE BLUE 
The main purpose of this study was to decolourise and degrade, as much as possible, the 
model solutions of methylene blue dye. To achieve this, the following studies were carried 
out sequentially to establish the optimum operational conditions. Some selected studies 
were repeated more than twice to be sure of the repeatability of the results. 
3.3.1.1 The Effect of Electrolyte Type on the Electrochemical Degradation and Colour 
Removal of Methylene Blue 
To investigate the effects of different types of supporting electrolytes on the 
decolourisation process of methylene blue (50 mg/1), sodium acetate, carbonate, nitrate, 
meta-bisulphite, sulphate, bromide, iodide and chloride, each of which had a concentration 
of 5 g/I were used. The pH of the solution was monitored during the electrolysis and the 
current input was 1.5 A, or otherwise specified. The results obtained from the experiments 
are summarised in each of the following sections. 
The effect ofsodium acetate on the electrolytic degradationlremoval oftnethylene hlue 
The HPLC chromatograms of methylene blue, in the absence of CH3COONa, showed very 
small peaks which are not fully resolved specially when acetonitrile: H20 (90: 10) mixture 
was used as a solvent system (Figure 3.3). These results indicated that the HPLC column 
was unable to separate and analyse the ionized species of methylene blue. These results are 
in agreement with the previous studies [59,71,72] which also indicated that the ionized 
species of methylene blue can not be separated under the condition studied in this work. 
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a 
Figure 3.3: HPLC chromatogram of methylene blue (50 mg) at 290 nm 
a) in H20); b) in acetonitrile: H20 (90: 10) 
(sensitivity 0.02); c) in acetonitrile: H20 (90: 10) 
(sensitivity 0.05); d) in acetonitrile: H20 (90: 10) (sensitivity: 0.1) 
The electrolysis of MB in the presence of CH3COONa was investigated over 720 minutes 
at natural pH (8.6-7.0). It was observed that the colour of the solution disappeared after 720 
minutes (Table 3.2). However, the TOC results indicated that only 35% of the organic 
carbon was removed after 720 minutes electrolysis (Table 3.3). 
The HPLC chromatogram of the dye solution (Figures 3.4) before electrolysis showed a 
peak with retention time (RT) of 1.1 minute. This peak is attributed to the aqueous sodium 
acetate solution (Figures 3.4a). The height of this peak increased after 60 minutes then 
decreased slowly during the electrolysis process. The HPLC results showed that methylene 
blue was not eluted under these conditions, suggesting that it is a charged moiety and 
remains in the column [59,71,72]. The same condition was applied to observe the dye 
breakdown products obtained during the anodic oxidation process. After 60 minutes of 
electrolysis, a second peak appeared at the retention time of 3.2 minute, however, this peak 
almost disappeared after 180 minutes. The second weak peak appeared after 300 minutes 
electrolysis treatment with shorter retention times (RT: 0.7 minute) than sodium acetate and 
intensity of this peak increased with electrolysis treatment time. 
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The results obtained from TOC data and II IILC chromatograrns coil 11 rnicd that the product 
formed after 60 minutes was further broken during the electrolytic process, while the 
product formed after 240 minutes electrolysis remained in solution as electrolysis 
progressed. 
Table 3.2: Electrochemical decolourisation of methylene blue in aqueous sodium 
acetate 
Time (min) 
__pH 
Voltage 
- 
Vl____ 
_ __-Colotir 
_O 60 11.6 4.70 Dark blue 
120 10.0 4.80 Dark blue 
240 7.8 4.80 Dark blue 
360 7.5 5.00 Blue 
480 7.0 5.00 Light blue 
720 7.0 5.00 Colourless 
Conditions: current, 1.50 A; temperature, ambient; concentration (MB, 50 rng/l; CH3COONa, 5 g/1) 
Table 3.3: The TOC values during the electrolysis of methylene blue (50 Ing/1) ill 
aqueous sodium acetate (5 g/1) solution 
Time % Degradation 
0 2060 
60 1685 18 
120 1625 21 
240 1570 24 
360 1550 25 
480 1535 26 
720 1333 35 
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Figure 3.4: HPLC chromatogram during the electrolysis of MB in aqueous CH3COONa 
solution at 290 nm, (a) HPLC of aqueous sodium acetate solution 
The effect of sodium carbonate on the degradation of methylene blue 
The effect of Na2C03 on the degradation of MB by the electrolytic process was 
investigated over 540 minutes with natural pH (11.6-11.3) (Table 3.4). The original dark 
blue colour faded gradually during 480 minutes electrolysis and finally discharged after 
540 minutes with only 13% TOC removed (Table 3.5). 
The HPLC chromatograms during the electrolYsis of MB in aqueous Na2CO3 solution at 
290 nm (Figures 3.5) characterized by a high intensity peak with retention time 2.7 minutes 
which decreased gradually and almost disappeared after 360 minutes electrolysis. This peak 
could be attributed to the aqueous solution of sodium carbonate (Figure 3.7). The results 
obtained from HPLC showed that MB is not eluted using the applied conditions and is 
retained in the column (Figures 3.5). The HPLC chromatograms during the electrolysis of 
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MB in aqueous Na-, C03 solution at 340 nm (Figures 3.6) showed a sharp low intensity peak, 
which decreased and disappeared after 240 minutes electrolysis. The results also showed 
degradation product formed after 30 minutes electrolysis, which increased during tile 300 
minutes electrolysis, then decreased slowly during the remaining treatment tirne (540 
minutes). 
No evidence of free radical formation from sodium carbonate has been found in the 
literature that can enhance the degradation of' the dye molecules [721. The addition of 
sodium carbonate only makes the solution conductive, and the degradation of the dye 
achieved here was due to the evolution of free oxygen from water at the anodes. 
Table 3.4: Electrochemical decolourisation of methylene blue (MB) in aqueous sodium 
carbonate 
Time (min) pH Voltage (V) Collour 
0 11.6 4.07 Dark blue 
30 11.8 ____ 4.08 Dark blue 
60 11.7 4.08 Dark blue 
120 11.7 4.09 Blue 
180 11.8 4.11 Blue 
240 11.7 4.15 Blue 
300 11.6 4.17 Light blue 
360 11.6 4.18 Light blue 
480 11.4 4.23 Pale blue 
540 11.3 4.24 Colourless 
Conditions: current, 1.5 A; temperature, ambient; concentration (MB, 50 vng/l; Na2CO3,5 g/1) 
Table 3.5: The TOC values during the electrolysis of methylene blue (50 mg/1) in 
aqueous sodium carbonate (5 g/1) solution 
Time (min) TOC (ppm) % Degradation 
0 328 
60 321 02 
120 314 04 
240 309 06 
300 299 09 
360 291 11 
480 289 12 
540 285 13 
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Figure 3.5: HPLC chromatogram during the electrolysis of MB in aqueous Na2CO3 
solution at 290 nm. (Sol vent; acetonitrile: 11,0 (90: 10), sens it ivity: 0-1). 
Figure 3.6: IIPLC chromatogram during the electrolysis of MB in aqueous Na2CO3 
solution at 340 nm. (Solveiit; acetonitrile: 11-, 0 (90: 10), sellsitIvItY: (). I) 
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Figure 3.7: HPLC chromatogram of aqueous Na2CO3 solution 
a) at 290 nm, using acetonitrile: HO (70: 30), sensitivity: 0.1, b) at 290 nm using 
acetonitrile: H20 (90: 10), sensitiv ity: 0.1, and c) at 340 n in tising acetoiiitrile: 
H-, O (90: 10), sensitivity: 0.1 
The effect of sodiunt nitrate on the degradation of metlqlene blue 
The pH during the electrolysis of MB in aqueous NaN03 Solution increased markedly frorn 
a value of 5.3 to a value of 12.0 after 120 minutes (Table 3.6). This increase to a major 
extent can be explained by formation of basic intermediates in the electrolysed solution. 
The blue colour solution of MB faded gradually to pale turquoise after 360 minutes 
electrolysis and a complete discharge of the blue COIOUr occurred after 1440 minutes (Plate 
3.2). The decolourisation of MB in the presence of NaN03 solution may he due to indirect 
oxidation processes prornoted by the action of' electro-generated ozone as suggested by 
Andrade et al. [2] in their finding regarding the electrochemical degradation of blue 
reactive 19 dye. 
It was also observed that the SOIUtiO11 tUrned pale yellow at 480 minutes electrolysis which 
suggests that nitrogen oxide vapours were evolved during tile course of electrolysis [731 
due to the electrochemical reduction of nitrate to ammonia and nitrogen e. g., 
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3NaN03 + 3H, 0 3%- NH3 + N2 +3 NaOH + 9/2 0, 
which occurs with the corresponding formation of oxygen and caustic at the anode as 
suggested by Scott et al. [73]. 
Table 3.6: Electrochemical decolourisation of methylene blue (MB) in aqueous sodium 
nitratesolution 
Time pH Voltage (V) Colour 
0 5.33 4.73 Blue 
15 3.0 4.65 Blue 
30 10.2 4.68 Blue 
60 11.9 4.73 Grey blue 
120 12.0 4.77 Light blue 
240 12.0 4.75 Pale blue 
300 12.2 4.78 Pale grey blue 
360 12.2 4.80 Pale turquoise 
480 12.0 4.85 Pale yellow 
1440 12.2 4.85 Colourless 
Conclitions: current, I-) A; temperature, ambient; concentration (MB, 50 mg/l; NaN03,5 g/1) 
Plates 3.2: The change of colour during the electrochemical degradation of methylene 
blue in aqueous sodium nitrate solution 
The effect of sodium metabisulphite on the degradation of methylene blue 
The results obtained during the electrolytic treatment of MB in aqueous Na2S205 solution 
showed that the colour removal was very slow during the 480 minutes (Plate 3.3) but 
extending the electrolysis time to 1800 minutes resulted in discharge of the original blue 
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lk 
(Table 3.7), however the blue colour was restored when tile electrolysis was stopped. The 
restoration of the colour in the samples taken for analysis was also observed when left 
exposed to the light (the samples were tightly closed). The initial PI 1 01' the SOILItion 4.4 
dropped to 1.9 during the 1800 minutes. 
The HPLC chrornatograrn of MB in aqueous Na2S205 solution at 340 11111, USillg SOIVCI)t 
system, acetonitrile: water (70: 330) and sensitivity: 0.1 (Figure 3.8) showed two peaks with 
retention times RT: 0.7 and 1.0 minute (a shoulder with low intensity). The peak with RT: 
0.7 minute increased gradually during the 180 minutes electrolysis, then decreased slowly 
during the remaining electrolysis treatment. The peak at RT: 1 .0 minute 
disappeared after 
120 minutes electrolysis. 
It could be concluded that sodium meta-bisulphite enhanced the degradation due to the 
presence of the bisulphite ion MSOO in the solution [72]. The I IS03- was formed when 
the metabisulphite ion hydrolysed in water, and was reduced at the cathode to yield 
dithionite ion (S204 2- ). The dithionite is a strong reducing agent, most probably because of 
formation of the sulphoxylate free radical anion (SO-, '-) [74]. The following reaction 
schernes describe the process: 
2 HS03- +2 H+ +2 e- --> 
S204 2- +2 H20 
S204 2- 
--> 2 SO-, *- 
Table 3.7: Electrochemical decolourisation of methylene blue (MB) in aqueous sodium 
metabisulphite 
Time pH Voltage (V) Colour 
0 4.4 4.90 BILIC 
30 2.7 4.70 Light blue 
60 2.4 4.60 TurqUOise 
120 2.3 4.50 Turquoise 
180 2.2 4.50 Light yellow 
240 2.0 4.40 Light yellow 
360 2.0 4.40 Light green 
480 2.0 4.40 Light green 
1440 1.9 4.40 Light green 
1800 1.9 4.40 Colourless 
Conditions: current, 1.5 A; temperature, ambient; concentration (MB, 50 mg/l; Na-, S-, Os, 5 g/1) 
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Figure 3.8: HPLC chromatogram during the electrolysis of MB in aqueous Na2S20,5 
solution at 340 nm 
Plates 3.3: The change of colour during the electrochemical degradation of methylene 
blue in aqueous sodium metabisulphite solution 
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The effect of sodiunt sulphate oti the tlegradation of niethýyleiie blue 
The UV region of MB in aqueous Na2SO4 solution exhibited two absorption peaks at 259 
and 298 nm and two peaks in the visible region, which were located at 625 and 675 11111 
(Figure 31 3a). These peaks decreased gradually during the 480 minutes electrolysis. There 
is no evidence of formation of new peaks in the UV region which indicates that the 
destruction of the dye is taking place without the formation of any Intermediate products 
during the electrolytic process. 
The data in Table 3.8 show a gradual change of the original blue colour to turqUOiSC With 
91 % of colour removal after 480 minutes electrolysis (Plate 3.4). The pi I of tile solution 
dropped from a value of 7.8 to a value of 4.0 after 120 minutes which is indicative of 
formation ofacidic products in the electrolyte solution. 
Table 3.8: Electrochemical decolourisation of methylene blue (MB) in aqueous sodium 
sulphate solution 
Time (min) pH Voltage (V) Colour % Removal 
7.8 6.71 BILIC 
30 7.7 6.58 Blue 17 
60 8.4 6.56 Blue 33 
120 4.0 6.46 Blue 44 
180 4.9 6.45 Light blue 49 
240 4.4 6.45 Light blue 57 
300 5.8 6.45 Light blue 63 
360 5.9 6.50 Light blue 73 
480 5.9 6.55 Turquoise 91 
Conditions: current, 2.0 A; temperature, ambient; concentration (MB, 50 mg/l; NaS0.1,5g/1) 
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Plates 3.4: The change of colour during the electrochemical degradation of methylene 
blue in aqueous sodium sulphate 
The effect of sodium bromide on the degradation of methylene blue (MB) 
The UV-Visible spectrum (Figure 3.13b) shows three absorption peaks at 234,258 and 299 
nm in the UV region and two peaks located at 621 nm and 676 nm in the visible region. 
The peaks in the visible decreased rapidly and reached 97% colour removal within 5 
minutes (Table 3.9). Although the complete removal of colour was achieved within a short 
period of time, only 34% of TOC was removed during 360 minutes electrolysis (Table 
3.10). The peak at 299 decreased only slightly. An increase in intensity occurred at 234 nm 
and a shift to longer wavelength was observed. This indicated the formation of new organic 
materials. The results also showed that after 30 minutes a yellow solution formed which 
remained during the electrolytic process, but discharged completely within couple of weeks 
(Plate 3.5). This indicates that toxic bromine vapours evolved during the electrolytic 
process. The pH increased from 7.9 to 10.0 and 9.4 after 15 and 480 minutes. 
The HPLC chromatograrn of MB during the electrolysis treatment in aqueous NaBr 
solution at 290 nrn using acetonitrile: water (70: 30) system and sensitivity 0.5 (Figure 3.9) 
shows breakdown products (RT: 1.1,1.4,1.6,3.2,3.9,4.3 and 4.6 mi nutes) formed after 5 
minutes electrolysis. These products disappeared after 30 minutes. However the peaks with 
RT: 1.1 and 1.4 minute increased gradually with electrolysis process. The HPLC results 
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also sho\,,, ed that MB is not eluted before electrolysis using this I IIILC conditions systern 
(Figure 3.9) and that the peaks with R'F: 1.1 and 1.4 minute is due to the NaBr in solution 
(Figure 3.1 2a). 
Table 3.9: Electrochemical decolourisation of methylene blue (MB) in aqueous sodium 
bromide solution 
Time (min) pH Voltage (V) Colour 'Yo Removal 
7.8 4.24 131LI C 
5 8.5 4.26 - Violet 97 
15 10.0 4.33 Smoke violet 98 
20 9.8 4.76 Light grey 98 
30 9.5 4.83 Colourless 99 
480 9.4 5.16 Colourless 100 
Conditions: current, 1.5 A; temperature, arnbient; concentration (MB, 50 mg/l; NaBr, 5 g/1) 
Table 3.10: The TOC values during the electrolysis of methylene blue (50 nig/1) in 
aqueous sodium bromide (5 g/1) solution 
Time (min) TOC (ppm) % Degrad tion 
0 19.55 0 
5 19.25 04 
15 18.35 06 
20 14.75 25 
30 14.05 28 
120 13.50 31 
180 13.35 32 
240 13.25 32 
300 13.20 33 
360 13.00 34 
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Plates 3.5: The change of colour during the electrochemical degradation of methylene 
blue in aqueous sodium bromide 
Figure 3.9: HPLC chromatogram during the electrolysis of MB in aqueous NaBr 
solution at 290 nm 
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The effect of sodium iodide on the degradation of methylene blue 
The results obtained during the electrolysis of MB in aqueous NaI solution (Table 3.11) 
show that 91% of colour was removed after 240 minutes and this remained the same during 
the following 360 minutes of electrolysis time. The formation of a black residue was 
observed after 2 minutes electrolysis but this disappeared after 60 minutes. The blue 
solution became yellow after 5 minutes electrolysis and eventually pale green during 360 
minutes electrolysis. 
The UV-Visible spectrum of MB in aqueous Nal (Figure 3.13c) shows four absorption 
peaks located at 269,303,624 and 675 nm. The intensity of these peaks decreased rapidly 
within 30 minutes but then a slow and gradual decrease was observed during the remaining 
240 minutes. The peaks in the visible region showed an increase in the intensity and a blue 
shift occurred after 300 minutes electrolysis. The UV region also showed the remains of 
organic material in the electrolyte solution. 
The results obtained from HPLC showed that MB in aqueous Nal at 290 and 340 nm is not 
eluted before electrolysis using acetonitrile: water (90: 10) solvent system and at sensitivity 
0.1 (Figures 3.10 and 3.11). The HPLC chromatogram of MB during the electrolysis 
treatment in aqueous Nal solution at 290 nm (Figure 3.10) shows sharp single peak (high 
intensity) and small shoulder formed after 2 minute electrolysis with RT: 1.7 and 1.9 
minute. The peak with RT: 1.7 minute decreased gradually during the 480 minutes 
electrolysis. This peak is due to the aqueous Nal solution (Figure 3.12b-d). The HPLC 
chromatogram also showed a very small broad peak appeared after 120 minutes with RT: 
2.1 minute, which increased slightly during the 480 minutes electrolysis. The same results 
obtained at 340 nrn (Figure 3.11) 
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Table 3.11: Electrochemical decolourisation of methylene blue (M B) in aqueot's 
sodiurn iodide solution 
Time (min) pH Voltage (V) Colour % Removal 
0 
5 10.5 
6_. 05_ 
6.08 
tic 
Yellow ------ - 72 
30 8.7 5.90 Yellow 83 
60 8.6 5.72 Yellow 88 
120 8.5 5.79 Yellow 89 
180 8.6 5.79 Olive green 90 
240 8.6 5.82 Pale green 91 
Conditions: CUrrent, 2.0 A; temperature, ambient; concentration (MB, 50 mg/l; Nal, 5 i4l) 
Figure 3.10: IIPLC chromatogram during the electrolysis of M11 in aqueous Nal 
solution at 290 mu 
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m 
Figure 3.11: HPLC chromatogram during the electrolysis of M13 in aqueous Nal 
solution at 340 nm 
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Figure 3.13: UV-Visible spectra showing the electrolytic destruction of methylene blue 
in: 
A) Na2SO4 Solution. Electrolysis time: 0 min 30 min__, 60 min 
120 min , 180 min 
240 min 300 min 360 min and 480 min 
B) NaBr solution. Electrolysis time: 0 min , 05 min__, 
30 min , 120 min ___, 180 min 240 min 300 min and 480 min 
Nal solution. Electrolysis time: 0 min_, 05 min__, 30 min 9 60 min_, 
120 
min 240 min 300 min 360 min and 480 min 
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The effect of sodium chloride on the degradation of ineth. 1,1ene blue 
Preliminary experiments were carried Out for the electrolytic degradation ofi-nethylene blue. 
The solution was prepared by dissolving rnethylene blue (0.1 g) in distilled water (2 litres), 
(50 pprn). Sodium chloride I Og was added as an electrolyte. The current input into tile 
electrolytic cell was 1.5 A. Samples from the electrolyte solution were taken every 5 
minutes during a 60 minutes period of electrolysis. The IIPIC chromatograrn at 290 ru-n 
(Figure 3.14) showed breakdown intermediates formed within 5 minutes electrolysis which 
increased during 20 Minutes then decreased gradually and disappeared after 55 minutes. 
-0 
1 
45 mi L55 min 
F 
00 min 
Figure 3.14: HPLC chromatogram during the electrolysis of methylene blue in 
aqueous NaCl for 60 minutes 
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The electrolysed solution (2 litres) was collected, and kept overnight, during which time 
precipitation had occurred. The precipitate was centrifuged, separated from solution and 
then dried in the oven (100C' to remove excess water). The precipitate was then dissolved 
in methanol. Thin layer chromatography of the residual precipitate gave one dark pink spot 
with Rf=0.89 compared with the methylene blue before electrolysis gave 2 spots, the main 
spot with Rf =0.75, the second spot was more polar Rf = 0.66. This result from TLC 
indicates that methylene blue may have contained azure A as reported in literature [71]. 
The system used for TLC was methanol: dichloromethane: acetic acid (7: 9: 1), (alumina 60 
F254, neutral type). 
The aqueous solution obtained after separating the precipitate was left on the bench for two 
weeks, during this time more precipitates were accumulated. These were centrifuged again, 
and collected and combined with the first precipitate. The separated solution from above 
turned light blue on exposure to air, when compared with the samples taken from 
electrolysis which were kept in the dark. The latter are still colourless after months 
The electrolysis of methylene blue was carried again using the same procedure as in the 
previous experiment, but the electrolysis was stopped after 15 minutes. 
The 2 litres of the electrolyte solution was collected, and kept for 1440 minutes, during 
which a precipitate had occurred. The solution was centrifuged, and the precipitate was 
separated, dried in the oven, dissolved in methanol. The TLC showed the same spot, which 
was formed in the first experiment. 
A sample of electrolysed solution after stopping the electrolysis was analysed with HPLC, 
with variable wavelength (Figure 3.15). 
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440 nni 480 niii 500 ni-n 550 600 
Figure 3.15: "PLC chromatogram of 15 minutes sample taken (during the electrolysis 
of methylene blue in aqueous NaCl) in varied wavelength (230-600 nm) 
Another sample of the residual precipitate was dissolved in small arnounts oi'distilled water 
and then shaken with the same arnounts of the dicliloromctlianc. The aqueous phase NN, as 
dissolved in acetonitrile, and FIPLC was carried on the resultant solution (Figure 3.16a). 
The organic phase was dried over anhydrous sodiurn sulphate, centrifuged and the filtcred. 
The filtrate was dried with nitrogen gas and the residue dissolved in acctonitrilc: water 
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(90: 10) mixture and then injjected into the IIPLC instrument (Figure 3.16b). The 
chromatogram of this residue showed more than eight peaks corresponding to the formation 
of intermediate products. These results are in accordance with the earlier work reported by 
Donaldson et al. [59]. 
Fa -1 
F 
Figure 3.16: a) HPLC chromatogram of aqueous phase after removal of tile precipitate 
(taken from electrolysis of methylene blue in aqueous NaCl over 15 minutes electrolysis), 
b) organic phase after drying with sodium sulphate & centrifuge, drying with N, 
The remaining residual precipitate, which was separated from tile electrolyte solution by 
centrifugation, was dissolved in 150 rril of distilled water, adjusted to pli 7.9, then extracted 
with dichloromethane (50 rni x 6). A magenta coloured material was partitioned into tile 
organic phase, which was dried with anhydrous sodium SUlphate, filtered, and then 
concentrated under vacuum. The TLC gave seven pinks to violet spots (Rj- = 0.42,0.44, 
0.52,0.53,0.64,0.77,0.86). There was a blue spot retained oil the base line of the TLC. 
The TLC system was methanol: dichloromethane: acetic acid (3: 7: 1). The silica used was 
preparative silica gel G. The aqUeous phase (light blue solution), was adjusted to p1l 7.9, 
and then re-extracted with dichloromethane (25 ml x 6). A violet COIOUr resulted in the 
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organic phase, which was dried with anhydrous sodium sulphate. While passing it through 
a filter paper (Whitman no. 54 1; hardened asheless), the colour oi' tile solution changed 
from violet to indigo blue. 
Figure 3.17 a and b shows the HPLC chromatograrn of methylene blue (50 mg/1) and (50 
rng/ I Oml) in aqueous solution of NaCl at 290 nm and sensitivity: 0.02. 
[-a7 Fb 
-Ii 
Figure 3.17: HITC chromatogram of methylene blue in aqueous solution of NaCl at 
290 nm, sensitivity: 0.02, a) MB (50 mg/1), b) MB (50 mgI 10 ml) 
A third experiment was conducted for the electrolysis of' methylene blue (50 nig/1) using 
the same procedure as in the previous experiment, but the electrolysis was run for 480 
minutes at current input 2.0 A (Table 3.12). The UV-visible spectrum of' MB in aqueous 
NaCl solution before electrochernical treatment (Figure 3.20A) shows two peaks in the 
visible region (X... 626 and 678 nrn) and two peaks in the IN region (258 and 299 nrn). 
All the peaks decreased within 330 minutes electrolysis with 97% of' colour removal 
achieved and the original blue colour Caded into turquoise, which then discharged after 60 
minutes. The results obtained also show the appearance ol'a new peak at 303 nrn at ter 240 
minutes. The intensity of the peak at 303 nrn increased with the electrolysis th-ne progress. 
91 
Table 3.12: Electrochemical decolourisation of methylene blue (VIII) in aqueous 
sodium chloride 
Time (min) PH Voltage (V) Colour % Removal 
0 7.2 4.88 Blue 0 
30 7.0 5.02 Turquoise 97 
60 6.9 5.09 Colourless 98 
120 6.9 5.10 Colourless 98 
Conditions: CUrrent, 2.0 A-, temperature, ambient; concentration (MB, 50 mg/l; NaCl, 5 g/1) 
The airn was to convert all of the carbon and hydrogen atoms ofthe dye to CO-, and water, 
but there is evidence for the formation of colourless intermediates [59,7 11 In the presence 
of chloride ions, of chlorinated organic products. Donaldson et al. 159] reportcd the 
fort-nation of seven neutral compounds and two charged intermediates in the early stages of 
electro-oxidation of methylene blue [3,7-bis(dirnethylarnino) phenothiaziniUlln chloride] 
(Table 3.13). In their study they identified one intermediate as 4,6-dichloro-7- 
dimethylamino-3H-pheiiotliiazin-3-one. 
Table 3.13: Some of the electrochemical methods studied for methylene blue removal 
from auucous solutions 
Methods of Electrolyte/ Degradation treatment/ Electrode type 
reagent products 
References 
Mechanism 
Direct I, lectroks' Boron doped diode N&S04 11.11. 
(BDD) 
Indirect Electrolysis TirriRL102 NaCI/NaS04 
Stainless steel cathode 
(both cases) 
Anodic Oxidation Mixed metal oxide NaCl 7 neutrals and 2 [59,71] 
anode/titaniurn rnesh charged 
cathode intermediates 
Photo-electrochernical Stainless steel Cl-, N1 F NO [38] 
Sal 2- 
Electrogenerated, Platinum KCI n. a. [751 
oxygen or chlorine 
Electrolysis Mixed metal oxide NaC I, Nal, n. a. This study 
anode/titaniurn i-nesh NaBr, NaN03, 
cathode NaC03, 
Na2SO4, 
Na, S205, 
CH3CO-, Na 
" MB prepared in 0.5 M NaS04, n. a. not available or not identified 
92 
The effect of NaCl on the degradation of metlylene blue ZlIC12 
The UV-visible spectrLIM of MB ZnCl-, in aqueous NaCl solution before electrochemical 
treatment (Figure 3.20B) shows two peaks in the visible region 625 and 675 nrn) and 
two peaks in the UV region (258 and 299 nin). All tile peaks decreased within 15 minutes 
electrolysis with 94% Of COlOUr removal achieved and the original blue COIOLII- faded into 
turquoise, which then discharged after 30 minutes (Table 3.14). The lormation of' a large 
quantity of purplish brown residue was also observed after 15 Minutes electrolysis which 
decreased with the progress ofelectrolysis process. 
The results obtained also show the appearance of new peaks at 478 nin after 15 minutes and 
at 303 nrn after 180 minutes. The intensity of tile peak at 303 nni increased with tile 
electrolysis tirne progress. 
HPLC analysis during the electrolysis of MB ZnCI-, in aqueous NaCl solution (Figures 3.18 
and 3.19) before electrolysis treatment at 290 nrn produced four peaks with retention time 
(RT: 2.2,2.4,2.8 and 3.1 MillUtes) and three peaks (RP 2.4,2.6 and 2.9 rnillLltes) eluted at 
360 nm. The IIPLC chromatogram also showed the lormation of additional distinguished 
peak after 15 minute electrolysis treatment with RT: 5.8 minutes eluted at 290 nrn (very 
low intensity when eluted at 340 nm), which disappeared completely al'tcr 180 111inUtes 
electrolysis treatment, indicating further breakdown. However, tile I ]PLC chrornatograrn 
and the UV region shows organic material rernain in the solution. 
Table 3.14: Electrochemical decolourisation of methylene blue Zn('12 in aqueous 
sodium chloride solution 
Time (min) pH Voltage V) Colour Regna(dration 
0 6.7 4.58 Blue 
15 9.3 4.73 Tur LlOise 94 
30 7.4 4.78 Colourless 98 
60 4.83 Colourless 99 
120 7.6 4.72 -Colourless 100 
Uonaitions: current, 1. ) A; temperature, ambient; concentration (MB ZnC12 50 mg/l; NaCl, 5 g/1) 
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Figure 3.18: HPLC chromatogram during the electrolysis of MB ZnC12 in aqueous 
NaCI solution at 290 urn, solvent; acetonitrile: water (90: 10), sensitivity: 0.05 
Figure 3.19: HPLC chromatogram during the electrolysis of M13 ZHC12 in aqueous 
NaCl solution at 340 urn, solvent, acetonitrile: water (90: 10), sensitiv ity: 0.02 
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Figure 3.20: UV-visible spectra during the electrolysis of A) methylene blue in aqueous 
sodium chloride solution: Electrolysis Time: 0 min 30min____ 60min 120 min 
180 min 
__, 
240 min , 
300 min 360 min 480 min 
and B) methylene blue ZnC12 in aqueous sodium chloride solution: 
Electrolysis Time: 0 min , 15 min 1 30 min 60 min 
180 min 240 min 
300 min 360 min 480 min _. 
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SUINIMARY 
The preliminary results in this study have indicated that NaCl is the best conductive 
electrolyte, among all the investigated electrolytes, for the electrochemical degradation of 
methylene blue from aqueous solution using mixed metal oxide anodcs. In this electrolyte, 
the mixed metal oxide anode exhibited its highest electrolytic activity. ']'his could he 
attributed to indirect oxidation of the investigated dyes by the electrogenerated 
hypochlorite ions formed from the chloride oxidation. In addition, contribution from direct 
oxidation could also be possible via reaction of these organic compounds with the 
electrogenerated hydroxyl radicals adsorbed oil the anode surface. 
Therefore, NaCI is selected as the conductive electrolyte in which all the following 
investigations were carried out. 
Table 3.15 presents the hazards of electrolyte salts when used in excessive amounts in 
textile effluents. 
Table 3.15: the hazards of electrolytes used in this study 
Electrolyte Colour removal Final colour State Comment 
Sodium acetate No Light hlue 1-1-11, Mildly toxic 
Sodiurn carbonate No Pale blue I Severe irritant 
Sodium meta-bisulphite No Light green I Corrosive 
Sodium nitrate No Pale yellow I+O+T Dermatitis 
Sodium sulphate Yes Turquoise ---- ---- 
Sodium bromide Yes Colourless Toxic vapours 
, 
Sodium iodide No 
- 
Pale green Toxic vapours 
ISodium chloride Ye s Colourless I Animal rnutagen 
i= irritant, u= uxidising agent, T=Toxjc 
3.3.1.2 The Effect of the Sodium Chloride Electrolyte Concentration on the Colour 
Removal of Methylene Blue 
The effect of NaCl concentration (5.0,10.0 and 15.0 g/1) on the electrolysis of' (50 ing/1) 
MB in aqueous solution was investigated at pl 1 6.0-8.6 and current 1.5 A (Table 3.16). 
Figure 3.21 (A-C) illustrates the UV-Visible spectra changes during the electrolytic 
destruction of' MB in (5 and 15 g/1) NaCl solutions over 480 IIIIIILItes and with 10 g/l NaCl 
over 600 minutes. 
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The data in Table 3.16 show that after 15 minutes the percentage removal was 48%, 96% 
and 98% when the NaCI concentration was 5.0,10.0 and 15.0 g/l respectively. After 30 
minutes electrolysis the colour removal was 95%, 99% and 99% for 5.0,10.0 and 15.0 g/l 
NaCI respectively. The result show that an increase in the chloride concentration to 10 g/I 
accelerated the electrochemical decolourisation largely during the 15 minutes electrolysis 
and slightly after 30 minutes electrolysis, while a further increase in the chloride 
concentration to 15 g/l had only a slight influence on the colour removal and consequently 
5 g/l of chloride ions was used for the subsequent experiments. 
During the 15 and 30 minutes electrolysis a new peak appeared at 480 nm, which declined 
after 60 minutes, and totally disappeared after 120 minutes. The appearance of absorption 
peak at 303 nm occurred after 60 minutes when 10-15 g/l NaCl was used and after 120 
minutes when 5 g/l NaCI was used. This intensity of this peak decreased after 480 and 600 
minutes electrolysis when 10 and 5g/l NaCl was used. This result indicates that increasing 
the NaCl concentration also accelerated the formation of new feature in the UV region. 
Furthermore, extending the time of electrolysis destroy this feature. This may be explained 
in another way, that the methylene blue was oxidised firstly to colourless intermediates and 
then to carbon dioxide. 
In the indirect electrolysis the organic pollutants are mainly oxidised in the bulk of the 
solution by chemical reaction with the electrogenerated active species and therefore the 
oxidation rate depends on the concentration of chloride ions that are oxidised to active 
chlorine at the anode surface (reactions (2), (3) and (4)) and the applied current [58] 
2 Cl- --+ 
C12 +2 e- 
C12 + H20 --* HOCI + H+ + Cl- (3) 
HOCI ---> H+ + OCI- (4) 
C12 + H20 <* HCI + HOCI 
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Table 3.16: Effect of sodium chloride concentration during the electrochemical 
decolourisation of methylene blue 
Time (min) % Removal 
5 g/l NaCl g/l NaCl 10 15 /1 -- 
NaCl 
15 48 _ 96 98 
30 95 99 99 
60 99 99 100 
120 loo 100 100 
Conditions: current, 1.5 A; temp., ambient; concentration (MB, 50 mg/l ; NaCl, 5,10 & 15 g/1) 
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Figure 3.21: UV-Visible spectra showing the electrolytic destruction of methylene blue 
in: 
A) (5 g/1) NaCl Solution. Electrolysis time: 0 min - 
15 min 30 min 60 min 120 
min , 180 min_____, 240 min 
300 min 360 min and 480 min 
B) (10 g/1) NaCl solution. Electrolysis time: 0 min 9 15 min -, 
30 min 45 min_, 60 
min , 
90 min__, 120 min 240 min , 360 min_, 480 min and 
600 min____. 
Q (15 g/1) NaCl solution. Electrolysis time: 0 min , 15 min 
30 min 45 min 960 
min 75 min, 90 min 240 min and 480 min 
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3.3.1.3 The Effect of the Dye Concentration on the Percentage Removal 
The effect of initial concentration of MB dye on the percentage removal of' tile dye was 
investigated over the concentration of 300 mg/I and 50 ing/l, since the pollutant 
concentration is an important parameter in water treatment. For M11 (300 Ing/1) tile 
electrochemical process was conducted over 120 minutes and samples were takcil with 5 
minutes intervals, thus only some selected samples were measured for UV-visible 
spectrometer analysis as shown in Figure 3.22. The intense blue colour faded after 100 
minutes to light blue with 90% of colour removal jable 3.17). It was also observed that a 
blue grey residue formed after 20 minutes electrolysis. An increase in tile pI I fi-olil value of 
6.8 to value of 9.0 occurred during the course of electrolytic process. 
The UV region of the spectrum showed two peaks at 260 and 300 rim while in the visible 
region a broad band splits into three peaks at 630 rim. The three peaks in the visible region 
changed to two peaks after 330 minute and their intensities decreased gradually during 100 
minutes of electrolysis. However, an increase in the intensity of the peak located in the 
visible region occurred after 105 minutes, indicating the formation of new intermediates, 
which resist further degradation and remain in the solution. 
The results showed that only 61% colour removal of MB achieved using initial dye 
concentration of (300 rng/l) compared with 99% colour removal achieved using initial dye 
concentration (50 rng/l) during 60 minutes electrolysis period, indicating that increasing the 
initial dye concentration decreases the efficiency of the electrolysis treatment. 
Table 3.17: Electrochemical decolourisation of (300 mg/1) njethylene blue (MB) in 
aqueous sodium chloride solution 
_Time 
(min) 
_ 
pH Voltage (V) Colour Removal 
0 6.9 5.65 Dark blue 
30 9.0 5.70 Navy violet 46 
60 
- 
9.0 5.76 Navy violet 61 
90 8.5 5.79 131LIC 87 
100 9.0- 5.87 Light blue 90 
Conditions: current, 1.5 A; temperature, ambient; concentration (MB 300 mg/l; NaCl, 5 g/1) 
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Figure 3.22: UV-Visible spectra during the electrochemical degradation of (300 mg/1) 
methylene blue in aqueous sodium chloride solution 
Electrolysis time: 0 min 
_, 
30 min 9 45 min 60 min 90 min 100 min and 105 min 
3.3.1.4 The Effect of Current on the Percentage on the Colour Removal of Methylene 
Blue 
The effect of current input (0.5,1.5 and 2.0 A) on the electrolysis of MB (50 mg/1) in 
aqueous sodium chloride (5 g/1) solution was carried out. All experiments were run at 
natural pH. The data in Table 3.18 presents the effect of the current input on the reduction 
of TOC during the electrochemical degradation of MB dye. 
The highest removal of TOC (80%) and the least removal of TOC (58%) after 300 minutes 
electrolysis are achieved at 2.0 A and 1.5 A respectively (Table 3.18). As expected, 
increasing the current resulted in a faster decolourisation of the dye solution, due to a 
greater charge entering the cell and electrogenerating more active chlorine. 
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Table 3.18: Effect of current on the reduction of TOC during the elect roche in ica I 
degradation of methylene blue in aqueous NaCl solution 
Ti 1- 0.5 A 1- 1.5 A 2.0 A me 
(min) TOC 
(ppm) 
TO 
(%) 
TOC TOC 
(%)- 
TOC 
- -- 
Apprny 
- 
TOC 
-0ý0)--- 0 26.9 0 26.9 0 27.2 0 
15 24.2 10 23.3 13 23.1 15 
30 22.8 15 19.6 27 18.9 30 
60 19.0 29 17.3 36 16.0 41 
120 15.3 43 14.2 47 14.0 49 
180 14.8 45 13.2 51 12.0 56 
240 13.2 51 12.5 54 06.0 78 
300 11.3 58 10.0 63 05.4 80 
1, CLirrent. 
The HPI-C result obtained before electrolysis at wavelength 290 ru-n (Figure 3.23) showed a 
peak with RT: 1.1 minute, which was attributed to the sodium chloride solution. The 
chromatogram showed the appearance of an additional peak within 5 minute which 
increased during 20 minutes electrolysis, then decreased gradually and Finally disappeared 
after 360 minutes electrolysis. 
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Figure 3.23: HPLC chromatogram during the electrolysis of methylene blue in 
aqueous NaCl for 360 minutes, 
3.3.1.5 The Effect of Chlorine Water on the Colour Removal of Methylene Blue 
The effect of direct chlorine water (Cl-, / Y1, O) addition Oil COIOUr removal was also studied 
without electrolysing the dyeing solution. To a solution of rnethylene blue ( 1000 111g/1), Ck/ 
H-, O (500 ml) was added drop wise under well mixed conditions, until the blue colour of 
methylene blue disappeared. Samples were taken every 5 minutes For a period of 90 
minutes. A dull green precipitate formed in these samples after 15 minute, which turned 
grey-violet after 240 minutes. Some selected samples were taken for '11C, I IIILC and UV- 
visible analysis. 
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The HPLC chromatograrn (Figure 3.24) shows that methylene blue retains in the column 
and is not eluted before the addition Of C12/ H20. The same condition was applied to 
observe the dye breakdown products and a number of peaks appeared in the chromatograrn 
between 5 tol5 minutes reaction with RT: 1.0,1.2,1.5,2.2,3.0,4.2,4.9,5.2,6.5,6.6,8.2 
and 9.2. These peaks were decreased gradually and disappeared after 60 minutes reaction 
period, except for the peaks with RT: 1.0 and 1.5 (shoulder) which increased during the 30 
minutes period then decreased with reaction progress. This peak could be due to the 
generated hypochlorite radical during the addition of C12/ H20- 
The UV-visible spectrum of methylene blue upon reaction with C12/ H20 (Figure 3.25) 
shows two peaks at 245 and 285 nm in the UV region and one broad peak, which centred at 
638 nm. These peaks were decreased and shifted to longer wavelenght after 5 minutes 
reaction. However, an increase in absorption in the visible region occurred after 240 
minutes reaction which indicate the formation of degradation intermediates. The UV region 
also shows that organic material remain in the solution during the reaction process. 
The UV-visible spectra, HPLC chromatograrn and the TLC (Plates 3.6) confirm that more 
intermediates were formed during the addition of chlorine water to methylene blue than in 
the electrolytic degradation of methylene blue in aqueous NaCI solution. This could be 
explained by large amount of hypochlorite radicals generated upon direct addition of C12/ 
H20 compared to hypochlorite generated by electrolytic oxidation treatment. 
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Figure 3.24: HPLC chromatogram during the addition Of C12/ H20 to an aqueous 
solution of methylene blue 
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Plates 3.6: The TLC chromatogram of a) products from reaction of chlorine water 
with methylene blue and of b, c, d) products from the electrochemical degradation of 
methylene blue in aqueous sodium chloride 
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Figure 3.25: UV-visible spectra of methylene blue during reaction with C12/ H20 
Electrolysis time: Omin_, 5 min , 15 min 20 min 30 min 60 min 
_, 
and 240 min 
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3.3.2 ELECTROCHEMICAL DEGRADATION OF 11HEINOTHIAZINE DYES 
3.3.2.1 Effect of Substituents Variation on the Colour Removal and Degradation of 
the Phenothiazine Dves 
In order to investigate the effect of substituents variation (see Figure 3.1 ) on the deStrUCtiOn 
of phenothiazine dyes, experiments were conducted using azure A (AA), azure B (AB), 
azure C (AC), toluidine blue 0 (TBO), new methylene blue (NMB), 1,9-dirnethyl 
methylene blue (DMMB), thionine (, rH), rnethylene green (MG) and rnethylene violet (MV) 
dyes over 480 minutes electrolysis time at 2.0 A and ambient temperature and natural pl I 
with 50 mg/I of each dye and 5 g/I of NaCl. 
The electrob, tic rento val of azures A (AA) 
The data in Table 3.19 and Figure 3.26A show the electrolytic conditions and the UV- 
visible spectrum during the electrolytic destruction of AA in aqueous NaCl solution. The 
UV-visible spectrum of AA is characterized by two peaks in the UV region at 258 and 297 
rim and one main band in the visible region which split into three peaks with maxima at 
574,586 and 629 nrn. The peaks decreased with 91% colour removal within 30 minutes. It 
was observed that a residue formed and the original colour changed from royal blue to 
purple within 30 minutes, and extending the tirne of electrolysis to 480 minutes showed 
almost complete discharge of colour occurred. Meanwhile, a new absorption peak appeared 
at 303 nm after 300 minutes and its intensity increased with the remaining tirne of 
electrolysis. 
Table 3.19: Electrochemical decolourisation of azure A (AA) in aqueous sodium 
chloride solution 
Time (min) pH Voltage (V) Colour % Removal 
0 4.5 4.35 Royal blue 
30 10.2 4.37 Purple 91 
35 9.8 4.37 Dusk purple 96 
60 9.5 4.37 Brown purple 98 
120 8.2 4.35 Pale pUrple 99 
180 9.2 4.33 Colourless 100 
Conditions: current, 2.0 A; temperature, arnbient; concentration (AA, 50 rng/l; NaCl, 5 g/1) 
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The pH of the solution increased from acidic 4.5 to basic value 10.2 within 30 minutes 
electrolysis then it dropped slightly and gradually to 8.2 in 120 minutes, increased again to 
10.0 at 480 minutes. Plate 3.7 shows the change of colour during the electrochemical 
degradation of azure A in aqueous sodium chloride. 
Plates 3.7: The change of colour during the electrochemical degradation of azure A in 
aqueous sodium chloride 
The electroýyflc removal of azures B (AB) 
The data in Table 3.20 summarise the experimental conditions and Figure 3.2613 shows the 
changes in the UV-Visible spectrum of AB during the electrolytic destruction in aqueous 
NaCl solution respectively. 
Two sharp peaks were observed in the UV region spectrum of azure B located at 256 and 
299 nm, and one main band which split into three maxima at 599 (small shoulder), 609 and 
655 nm. These peaks declined within 30 minutes and finally disappeared with 100% colour 
removal reached after 120 minutes electrolysis. Meanwhile, a new absorption peak 
appeared at 303 nm after 120 minutes and its intensity increased slightly as the electrolytic 
process progressed. A rise in the pH value from 5.4 to 9.6 occurred within 30 minutes 
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electrolysis, after which decreased gradually and stayed close to 8.5 during the electrolysis 
period jable 3.20). 
Table 3.20: Electrochemical decolourisation of azure B (Ali) in aqueous sodium 
chloride solution 
Time (min) pH Voltage (V) Colour % Removal 
0 5.4 4.42 131LIC 
30 9.6 4.48 Light violet 96 
60 9.5 4.46 Pale purple 97 
120 8.2 4.44 Colourless 100 
Conditions: current, 2.0 A; temperature, ambient; concentration (AB, 50 mg/l; NaCl, 5 g/1) 
The electrotytic rentoval of azures C (A C) 
The UV-visible spectrum of azure C (Figure 3.26C) exhibited two peaks located at 299 nrn 
and 255 nrn in the UV region, and one main band in the visible region which split into four 
peaks with their maxima at 585,600,618 and 626 rim. Theses peaks were declined within 
30 minutes and finally disappeared after 480 minutes electrolysis. However, a new 
absorption peak formed after 360 minutes, and increased slightly during the remaining time 
of electrolysis. 
The results obtained showed (Table 3.2 1) that 100% discharge of the original blue Purple 
colour of AC occurred during after 120 minutes electrolysis. The pli of the solution 
increased from 5.9 to 7.3 during the 480 minutes electrolysis. 
Table 3.21: Electrochemical decolourisation of azure C (AC) in aqueous sodium 
chloride solution 
Time (min) pH Voltage (V) Colour % Removal 
0 5.9 4.80 Blue purple 0 
30 6.2 4.70 Dusky purple 94 
60 5.9 4.76 Dusky purple 97 
120 6.2 4.75 Colourless 100 
Conditions: current, 2.0 A; temperature, ambient; concentration (AC, 50 rng/l; NaCl, 5 g/1) 
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Figure 3.26: UV-Visible spectra showing the electrolytic destruction of (A) azure A, (B) 
azure B and (C) azure C in aqueous sodium chloride solution 
Time of electrolysis: Omin 1 
30 min____, 60 min 1 
120 min 180 min 240 
min 300 min 360 min and 480 min 
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The eleclroývlic removal of dimeth. rl tnellqlene hlue (DMMB) 
The UV/visible spectra of the initial and various stages of electrolysis DMMI3 in aqueous 
NaCl solution are presented in (Figure 3.27A). Three main absorbance peaks and two 
shoulder peaks were observed during the scanning of DMMB. The peaks observed in tile 
UV region are located at 232 (shoulder), 258 and 292 nm. The visible peaks are located at 
590 and 656 nm (shoulder) are due to blue colour of the chromophore. It is clear that both 
the visible light absorbance (98%) (Table 3.22) and the degradation of DMMB structure is 
achieved at 330 min of electrolysis. However, the intensity ofthe peak at 259 nin increased 
and shifted toward the red region (304 nm) after 60 minutes, indicating tile formation of 
new degradation products. The pH value increased frorn 9.6 to 10.7 after 15 minutes 
electrolysis but stayed close to 9.7 during the progress ofelectrolysis process. 
Table 3.22: Electrochemical decolourisation of dimethyl methylene blue (DMMB) in 
aqueous sodium chloride solution 
Time (min) pH Voltage (V) Colour % Removal 
0 9.6 4.41 BlUiSll-pLirple 0 
15 10.7 4.47 Purple 95 
30 10.5 4.44 Pate purple 98 
60 10.3 4.46 Colourless 100 
Conditions: current, 2.0 A; temperature, arnbient; concentration (DMMB, 50 nig/l; NaCl, 5 g/1) 
The eleclroýytic removal of new tnetlýjlene blue (NMB) 
The UV-visible spectra of NMB in aqueous NaCl solution (Figure 3.2713) is characterised 
by two peaks in the ultraviolet region located at 260 (shoulder) and 293 nill, and by one 
main band and a shoulder in the visible region located at 601 and 644 nrn. These peaks 
diminished rapidly within 15 minutes then slowly and gradually disappeared with tile 
progress of the electrolysis. Meanwhile, a new band appears at 303 nm after 120 minutes 
and its intensity increased gradually within the remaining 480 minutes electrolysis tirne. 
It was also observed that the original dark blue colour changed to brown purple at-ter 15 
minutes electrolysis (Table 3.23) and extending the experimental time to 480 minutes 
showed that the colour gradually changed to light burgundy. However, tile colour 
discharged completely when samples were left overnight with (Plate 3.8) colour removal of 
96% being achieved after 30 minutes. A rise in the pH from 8.0 to 10.4 occurred after 30 
minutes then decreased to the value 8.6 during the remaining time of 480 minutes 
electrolysis. 
Table 3.23: Electrochemical decolourisation of new methylene blue (NMB) in aqueous 
sodium chloride solution 
Time (min) pH Voltage (V) Colour % Removal 
0 8.0 4.36 Dark blue 0 
15 10.2 4.46 Brown purple 93 
30 10.4 4.47 Colourless 96 
120 8.6 4.47 Colourless 98 
Conditions: current, 2.0 A; temperature, ambient; concentration (NMB, 50 mg/l; NaCl, 5 g/1) 
All- 
its 
Plates 3.8: The change of colour during the electrochemical degradation of new 
methylene blue in aqueous sodium chloride 
The electrotOic removal of foluidine blue 0 (TBO) 
The changes in the UV-Vis spectra of the TBO dye solution as a function of electrolysis 
time are depicted in (Figure 3.27C). As could be observed from these spectra, before the 
treatment, the absorption spectrum of TBO in aqueous NaCI solution was characterized by 
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three absorption peaks in the ultraviolet region, two shoulders at 235,255 nm, and one 
main peak at 292 nm. The visible region of the TBO spectrum shows two peaks at 597 nm 
and 641 (shoulder) nm. The peaks at 255,292 597 and 641 nm diminished and finally 
disappeared completely under 480 minutes of electrolysis, indicating a rapid degradation of 
TBO (Plate 3.9). The intensity of the peak at 235 nm gradually decreased during the 
reaction which indicated the destruction of the phenothiazine rings. The data in Table 3.26 
show that 99% of colour removal is achieved during the course of electrolysis process. 
Although the initial and final pH value was 6.2, but fluctuated during the reaction and 
stayed close to 8 during the 360 minutes (Table 3.24). 
Table 3.24: Electrochemical decolourisation of toluidine blue 0 (TBO) in aqueous 
sodium chloride solution 
Time (min) PH Voltage (V) Colour % Removal 
0 6.2 4.45 Violet blue 0 
30 9.2 4.52 Dark burgundy 91 
60 8.6 4.53 Brown grey 95 
120 8.2 4.53 Colourless 97 
480 8.6 4.53 Colourless 99 
Conditions: current, 2.0 A; temperature, ambient; concentration (TBO, 50 mg/l; NaCl, 5 g/1) 
Plates 3.9: The change of colour during the electrochemical degradation of toluidine 
blue 0 in aqueous sodium chloride 
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Figure 3.27: UV-Visible spectra showing the electrolytic destruction of A) dimethyl 
methylene blue B) new methylene blue and Q toluidine blue 0 in aqueous sodium 
chloride solution. 
Electrolysis time: 0 min_, 30 min___, 60 min 120 min 180 min 
240 min 300 min 360 min and 480 min 
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The electroýyfic removal of thionine (TH) 
The UV-visible spectra of the initial thionine Solution in aqueous NaCl and tile changes 
after various stages of electrolysis over 480 minutes are shown in (Figure 3.28A), and the 
corresponding data of electrolysis run conditions are presented ill Table 3.25. Three 
absorbance peaks were observed during the scanning of TH in the LJV region at 23 1 (small 
shoulder), 249 and 30 1 nm. and one main peak at 589 nrn located in tile visible region. The 
peaks at 249 301 and 589 nm declined rapidly within 10 minutes of electrolysis with 91% 
colour removal is reached. Meanwhile, two new broad peaks appeared at 432 nm, 303 11111 
after 10 minutes electrolysis. Tile intensity of these two peaks increased after 120 Minutes 
then decreased gradually during the remaining time of 480 minutes electrolysis. 
It was also observed that the colour of TH solution changed to blue grey after 10 minutes 
electrolysis, after which the colour turned to dark grey with large quantity of grey residue 
formed which decreased with the electrolysis progress, and no discharge of grey brown 
colour of the solution occurred during the remaining time of 480 minutes (Plate 3.10). 
During the course of electrolysis a rise in the pH from 6.6 to 10.2 occurred after 30 minutes, 
after which decreased gradually to value 8.7. 
Table 3.25: Electrochemical clecolourisation of thionine (TH) in aqueous sodium 
chloride solution 
Time (min) PH Voltage (V) Colour % Removal 
0 6.6 4.49 Blue violet 
10 9.7 4.54 Blue grey 8-3) 
30 10.2 4.53 Dark grey 83 
60 9.2 4.53 Grey brown 84 
120 9.4 4.51 Grey brown 85 
180 9.0 4.52 Grey brown 86 
240 8.2 4.52 Grey brown 89 
300 8.5 4.53 Grey brown 89 
360 8.7 4.55 Grey brown 90 
480 8.7 5.56 Grey br wn 91 
Conditions: CUrrent, 2.0 A; temperature, ambient; concentration (TI-1) 50 rng/l; NaCl, 5 g/1) 
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Plates 3.10: The change of colour during the electrochemical degradation of thionine 
in aqueous sodium chloride 
The electroývtic removal of metkylene green (MG) 
The UV-Visible spectra during the electrolytic destruction of methylene green in aqueous 
NaCl solution (Figure 3.2813) exhibited absorption peaks at 260 (shoulder), 290 and 334 
nm, which located in the UV region. The visible region showed two absorption bands at 
454 nm (low intensity) and between (620-668) nm. The latter band split into two peaks at 
624 and 662 nm. It can be seen from (Figure 3.2813) that all the peaks decreased 
dramatically and colour removal (100%) is achieved in 60 minutes (Table 3.26). 
Meanwhile, a new peak appeared at 303 nm after 120 minutes which increased slightly 
during the remaining time of electrolysis, indicating formation of new degradation products. 
The pH value increased from 7.6 to 8.6 during the reaction. 
The change of colour during the electrochemical degradation of methylene green in 
aqueous sodium chloride is shown in Plate 3.11. 
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Plates 3.11: The change of colour during the electrochemical degradation of 
methylene green in aqueous sodium chloride 
Table 3.26: Electrochemical decolourisation of methylene green (MG), in aqueous 
sodium chloride solution 
Time (min) pH Voltage (V) Colour % Removal 
0 7.6 4.37 Dark turquoise 0 
30 8.0 
- 
4.47 Very light grey 99 
60 8.6 - 4.45 Colourless 100 
Conditions: current, 2.0 A; temperature, ambient; concentration (MG, 50 mg/l; NaCl, 5 g/1) 
The electrotvtic removal of metkvlene violet (M11) 
The UV/visible spectra of MV are characterized (Figure 3.28C) by one peak in the UV 
region located at 294 and two peaks in the visible region located at 593 and 627 nm. 
Although 98% of colour was removed and discharged after 30 minutes, meanwhile, the 
intensity of the peak at 294 nm increased and shifted to 303 nm, after 30 minutes, 
indicating the formation of degradation products. A rise in the pH (5.0-9.2) of the solution 
was observed during the course of electrolysis from acidic to basic (Table 3.27), indicating 
the formation of basic organic residues. 
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Table 3.27: Electrochemical decolourisation of methylene violet (MV) in aqueous 
sodium chloride solution 
Time (min) pH Voltage (V) Colour % Removal 
0 5.0 13 I Li e 
1 _ 8.3 4.3 )7 _ _ Light blue 18 
15 9.5 4.44 Pale blue 87 
30 9.7 4.49 Colourless 98 
60 1 
9.9 1 4.47 1 Colourless 1 99 1 
Conditions: current, 2.0 A; temperature, ambient; concentration (MV, 50 rng/l; NaCl, 5 g/1) 
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Figure 3.28: UV-Visible spectra showing the electrolytic destruction of A) thionine B) 
methylene green and Q methylene violet in aqueous NaCl solution. 
Electrolysis time: 0 min , 30 min___ 60 min ý 120 min 180 min 240 min 300 min 360 min and 480 min 
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3.3.3 EFFECT OF CHROMOPHORE HETEROATOM VARIATION ON THE 
DEGRADATION OF OXAZINE, AZINE AND ACRIDINE 
3.3.3.1 Electrochemical Degradation of Nile Blue, Resorufln, Neutral and Acridine 
Orange 
To observe the effect of chromophore heteroatorn variation on the degradation of Nile blue 
(NB), resoruf in (RS), neutral red (NR) and acridine orange (AO) in aqueous of NaCI (5 g/1) 
solution by electrochemical process, experiments were conducted for 50 mg/I of each dye 
over 480 minutes with natural pH and current input 2.0 A. 
The UV/visible spectra of the initial and various stages of electrolysis of NB, Re, NR and 
AO solutions in aqueous NaCl are presented in Figure 3.29 (A-D). Whereas the data in 
Tables 3.28-3.31 summarise the results and the changes observed during the destruction of 
these dyes. 
The electrolytic removal of Nile blue (NB) 
The UV/visible spectrum of Nile blue in aqueous NaCl solution before electrolytic 
treatment (Figure 3.29A) is characterized by three absorption peaks located in the 
ultraviolet region at 234,289,343 nrn and one main absorption peak in the visible region 
located at 609 nm, and a shoulder at 654 nm. All the absorption peaks decreased in 30 
minutes electrolysis and colour removal reached 97% with the formation of grey purple 
residue and a rise in the pH from 8.0 to 10.2 (Table 3.28). The original colour was 
discharged after 60 minutes electrolysis. 
However, the peak at 289 nrn shifted toward the shorter wavelength and a new absorption 
peak appeared at 304 nm after 120 minutes electrolysis and remained in solution. The 
results obtained also showed small absorption band appeared around 445 nm. These results 
indicate that degradation products formed and remained in the solution. 
120 
Table 3.28: Electrochemical decolourisation of Nile blue (NB) in aqueous sodium 
chloride solution 
Time (min) pH Voltage (V) Colour % Removal 
0 8.0 4.35 Blue 0 
30 10.2 4.45 Pale pink 97 
60 10.0 4.45 Colourless 99 
120 10.0 4.41 Colourless loo 
Conditions: current, 2.0 A; temperature, ambient; concentration (NB, 50 mg/l; NaCl, 5 g/1) 
The electroývtic removal of resorufin (RS) 
Resorufin in aqueous NaCl solution exhibited two absorption peaks at 248 and 303 nm 
(shoulder) located in the UV region and two peaks at 548 (shoulder) and 582 nm located in 
the visible region (Figure 3.2913). These peaks diminished after 30 minutes with only 65% 
colour removal and finally disappeared completely under 480 minutes of electrolysis with 
about 100% colour removal. After 30 minutes electrolysis, the pH increased from 8.3 
tolO. 3 (Table 3.29) and the original colour of the solution changed from purplish red to 
purple (Plate 3.12). A complete removal of resorufin colour was achieved after 60 minutes. 
However, a hyperchromic effect observed around 300 nm during the 480 minutes 
electrolysis indicating the formation of new degradation products. 
Plates 3.12: The change of colour during the electrochemical degradation of resorufln 
in aqueous sodium chloride 
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Table 3.29: Electrochemical decolourisation of resorurin (RS) in aqueous sodium 
chloride solution 
Time (min) pH Voltage (V) Colour % Removal 
0- 
-8. 
') 4.42 Purple-red 
30 10.3 4.5 3 Purple 65 
60 9.6 4.57 C01OUrless 99 
120 8.7 4.51 Colourless 100 
Conditions: current, 2.0 A; temperature, ambient-, concentration (RS, 50 ing/l; NaCl, 5 g1l) 
The elecfroýj, tic removal of neutral red (NR) 
The UV/visible spectrurn of neutral red in aqueous NaCl solution showed only two 
absorption peaks at 288 and 527 nm (Figure 3.29C). After 30 minutes electrolysis both the 
peaks decreased rapidly with 96% colour removal achieved. A rise in the p[l from slightly 
acidic 5.7 to basic 10.0 medium occurred after 30 minutes. The scarlet red colour ofneutral 
red turned to pale yellow and a reddish brown precipitate formed at 30 minutes which 
faded to pale yellow after 60 minutes (Table 3.30). However, degradation products 
appeared after 120 minutes giving rise to absorption at 300 nm. The intensity of this peak 
increased during the 480 minutes electrolysis process. 
Table 3.30: Electrochemical decolourisation of neutral red (NR) in aqueous sodium 
chloride solution 
Time (min) 
__pH 
Voltageff) Colour % Removal 
5.7 4.52 Scarlet red () 
30 10.0 4.52 Pale brown 96 
60 9.6 4.53 Pale ye low 99 
120 8.5 4.55 Colourless too 
Conditions: current, 2.0 A; temperature, ambient; concentration (NR, 50 nig/l; NaCl, 5 g/1) 
The electrotý, tic removal of acridine orange (AO) 
Two absorbance peaks were observed during the scanning of acridine orange in aqueous 
NaCl solution. The peak observed in the UV region at 280 nrn and the visible peak at 486 
nm (Figure 3.29D). A rapid decrease in the intensity of the peak at 486 nm Occurred after 
30 minutes electrolysis. The peak at 280 nm gradually decreased and shifted to the shorter 
wavelength during the electrolysis (Figure 3.36D). 
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The orange colour of AO discharged in 60 minutes. The pl I increased frorn a value of' 5.4 
to a value of 8.7 after 330 minutes then varied slightly during the remaining time of 
electrolysis process (Table 3.31). Although about 98% ofcolour removal achieved in less 
than 30 minutes.. however, new absorption band appeared at 294 nrn after 120 minutes, 
indicating the formation of intermediate degradation products. 
Table 3.31: Electrochemical decolourisation of acridine orange (AO) in aqueous 
sodium chloride solution 
Time (min) PH Voltage (V) Colour % Removal 
5.4 4.28 Orange 
30 8.7 4.55 Pale yellow 98 
60 8.2 4.52 Colourless 99 
120 8.0 4.75 Colouriess 99 
Conditions: current, 2.0 A; temperature, ambient; concentration (AO, 50 rng/l; NaCl, 5 g/1) 
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Figure 3.29: UV-Visible spectra showing the electrolytic destruction of A) resorurin, B) 
Nile blue Q neutral red and D) acridine in aqueous NaCl solution. 
Electrolysis time: 0 min 30 min___, 60 min , 120 min 180 min 240 min 300 min ý 360 min and 480 min 
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3.4 CONCLUSION 
The experimental results of this investigation revealed the suitability of the electrochemical 
processes for decolourising the solution (Figure 3.30). The results also have indicated that 
operating parameters play fundamental role in electrochemical decolourisation and 
degradation of dyes from aqueous solutions and controlling these parameters leads to 
efficient treatment. 
In particular, in the indirect electrolysis, the oxidation of methylene blue only occurred in 
the presence of chloride ions that acted as redox mediators and the effectiveness of the 
process was affected by the chloride concentration and applied current density. 
The results of the bulk electrolysis performed under different experimental conditions 
showed that in the indirect electrolysis methylene blue was oxidised because of the 
mediation of electrogenerated active chlorine. It was also found that the optimal chloride 
ion concentration was 5 g/l and the oxidation rate increased by increasing the current 
density. 
The optimised electrolytic conditions were applied for solutions of azure A (AA), azure B 
(AB), azure C (AC), toluidine blue 0 (TBO), new methylene blue (NMB), dimethyl 
methylene blue (DMMB), thionine (TH), methylene green (MG), methyl violet (MV), Nile 
blue (NB), neutral red (NR), acridine orange (AO) and resorufm (RS) dyes over 480 
minutes electrolysis time at 2.0 A and ambient temperature and natural pH with 50 mg/I of 
each dye and in the presence of NaCI (5 g/1). 
During the electro-oxidation process the degradation or destruction of dye is responsible for 
colour removal from aqueous dye solutions. The data obtained suggest that a treatment of 
60 minutes was found to be the optimum value for the complete removal of dyes from 
aqueous solutions. The UV-Visible spectra showed that the electro-oxidation of dyes 
process proceeds through the formation of different intermediate species before 
mineralization. Most of these intermediate species are also destroyed during the electro- 
oxidation process. However, there are some evidences that the use of the electrolytic 
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process is unable to remove some of the organic degradation products from the aqueous 
synthetic dye solutions. 
Aqueous solution of Methylene Blue dye 
0 
p 
(Phenothiazine dye) 
Electro-oxidation Process 
Supporting Electrolytes Current Dye Concentration 
(type & concentration) 
Application of optimised electrolytic conditions to colour removal 
of related Phenothiazine, Oxazines, Azine and Acridine dyes 
Study of effect of substituents & heteroatoms on the aromatic ring of 
Phenothiazines, Oxazines, Azine and Acridine dyes 
D- 
Removal of Dyes by Electro-oxidation Process 
Figure 3.30: Electro-oxidation process for the treatment of synthetic textile dyes 
Figure 3.31 shows a general structure representing different phenothiazine dyes and the 
chemical structures showing different substituents in the phenothiazine dyes used in this 
study are given in Table 3.32. 
It was observed that the visible colour is completely discharged after 30 minutes (MV, 
NMB), 60 minutes (MG, DMMB), 120 minutes (AB, AC and TBO) and 180 minutes (AA). 
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No complete discharge of the original visual colour occurred in the cases of"I'l I even after 
480 minutes of electrolysis. 
The results indicated that the intensities of all the peaks in the visible region of all the 
investigated dyes decreased within 330 minutes, however, a new peak appeared at around 
303 nm and its intensity increased as the electrolytic process progressed. 
The formation of large amount of precipitate in 'I'll was observed which did not disappear 
with the progress of the electrolysis process. Smaller quantities of' precipitates were 
observed at some stages of the electrolysis process in tile cases of AA, AB, AC, NMI3, 
DMMB and TBO. In contrast, no residue was observed during the electrolysis process of' 
MG and MV. 
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Figure 3.31 Chemical structures of the phenothiazine dyes used in this study 
Table 3.32 Chemical structures showing different substituents in the phenothiazine 
dyes used in this study 
Dyename Rl R2 R3 R4 R9 
(MB) 11 11 N Me, II N Me, II II 
(MB-ZnCl, ) Fl II N Me-, II N Me-, H II 
Azure A (AA) H li N112 H N Me, H H 
Azure B (AB) H H NHMe li N Me, H 11 
Azure C (AC) H H NUI, H NIIMe Ii H 
Thionine JH) H H NII, H NI 1, 11 H 
Methylene Green (MG) H H NMe2 N02 NMeL 1-1 H 
Toluidine (TBO) H Me Nfl, II ____ _ NMe2 11 H 
New Metillene Blue (NMB) H me 
. 
NHEt H NHFt Me 11 
Dimethyl Methylene Blue (DMMB) Me I =NMe2 H NMe, 11 Me 
Methylene Violet (MV) H _ H 10 11 N Me, II 1 11 1 
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Table 3.33 Comparison summary of percentage colour removal of plienothiazine dyes 
Colour removal % i T me 
(min) MB MB AA AB AC NMB DM MB TBO T11 MG MV ZnC12 
)o 97 98 91 1 96 94 93 95 91 81 ý) 
99 98 
60 98 99 98 97 97 96 98 95 84 100 99 
120 98 100 99 100 100 98 100 97 
_95 -- -- 
10.0 99 
The data in Table 3.33 show the percentage removal ot'differcilt dyes achieved after 30,60 
and 120 minutes. These results indicated that after: 
ff 30 minutes electrolysis the colour removal was between 83 to 99% and I'Or different 
dyes follows the following decreasing order: MG > (MV =- M13 ZnCk) > MB > AB 
> DMMB > AC > NMB > (AA -= TBO) >'m 
60 minutes electrolysis the colour removal was between 84 to 100% and for 
different dyes follows the following decreasing order: MG > (MV -= MB ZnCl, ) 
(MB =- DMMB =- AA) > (AB =- AC) > NMB > TBO > TI I 
120 minutes electrolysis the colour removal was between 85-100% and for difl'crent 
dyes follows the following decreasing order: (MG =- MB ZnCI, =- AB - AC =- 
DMMB) > (AA =- MV) > (MB 2-- NMB) >TBO >'Fl] 
The lowest decolourisation was achieved in the case of thionine (85% after 120 minutes). A 
large amount of black residue and tile solution remained grey brown colour over 480 
minutes electrolysis. Table 3.33 shows that TH has two primary arnino (-Nil, ) groups at 
positions 3 and 7. These strongly activating electron donating groups (FDG) makes TH 
more susceptible to attack by the free radical and form substituted intermediates in the first 
stage of electrolysis before tile destruction of the chromophore. Thc presence of' strongly 
activating primary arnino groups (-NH, -, 
) substitLient probably favours tile attack of 
oxidizing agents, and the production of polymeric products. 
During 30 minutes electrolysis AA and TBO showed 91% colour removal. Both AA and 
TBO have one NH-, group at position 3 and one -N(CH3)2 group at position 7. In addition 
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TBO has a -CH3 group at position 2. These groups are electron donating groups (EDG) - 
they activate the aromatic ring to attack by radicals and radical ions by increasing the 
electron density on the ring through inductive effect (-CH3) and a resonance donating 
effect (-NH2, -N(CH3)2). They have fewer positions available for polymerisation than TH. 
The data in Tables 3.32 and 3.33 show that AC reached 94%, 97% and 100% degradation 
after 30,60 and 120 minutes. AC has two EDG: one NH2 group at position 3 and one 
-NHCH3 group at position 7. 
During 30 and 60 minutes electrolysis both AB and NMB showed 96% and 97% (AB) and 
93% and 96% (NMB) colour removal. AB has one -NHCH3 group at position 3 and one 
-N(CH3)2 group at position 7. NMB has two -CH3 groups at positions 2 and 8, and two 
-NHCH2CH3 groups at positions 3 and 7 (Tables 3.32 and 3.33). 
The results in Table 3.33 showed that the colour removal obtained during 30,60 and 120 
minutes are 99%, 100% and 100% for MG, 98%, 99% and 99% for MV and 95%, 98% and 
100% for DMMB. 
It appears that the presence of EDG makes the dye molecule more susceptible to the attack 
by the oxidising species ultimately causing degradation. 
DMMB has two -N(CH3)2 groups at positions 3 and 7, and 2 CH3 groups at positions I and 
9, whereas methylene green (MG) is formally the 4-nitro derivative of MB. A related 
molecular type here is methylene violet (MV). This is a neutral species having a quinoid 
nucleus in place of the phenothiazine cation. Indeed, alkaline hydrolysis of MB yields MV 
as reported in literature [75]. 
From the discussion above it could be concluded that the presence of electron withdrawing 
(EWG) nitro group, (-N02) at position 4 in MG and carbonyl group (-C=O) in MV 
increases the degradation of the phenothiazine chromophore. This behaviour could be 
explained by these dyes having substituents with pi bonds to electronegative atoms (e. g. - 
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C=O in MV and -N02 in MG). They deactivate the aromatic ring to attack by radicals and 
electrophiles but increase the susceptibility to attack by nucleophiles, eg OH- by decreasing 
the electron density on the ring through a resonance withdrawing effect. 
It was observed that dyes with more (-CH3) substituents on the arylamino groups are easy 
to degrade (i. e. tertiary amino > secondary amino > primary amino) as can be seen in Table 
3.35 that each of MB, MG, and DMMB has 4 (-CH3) substituents on the arylamino groups 
> NMB with 2 (-CH2CH3) > AB with 3 (-CH3) > TBO, AA with 2 (-CH3) > none in case 
of TH (with the exception of MV and AQ. 
The results in Tables 3.32 and 3.33 also showed that the presence/and positions of alkyl 
substituent (e. g. -CH3). Two -CH3 substituents at positions I&9 in DMMB, two at 
positions 2&8 in NMB and one at position 2 in TBO has also influenced the rate of 
degradation of these three phenothiazines compared to the parent MB, as DMMB is easier 
to degrade than NMB and TBO. This behaviour could be attributed to the electronic effect 
(EDG) of (-CH3) which activates the aromatic ring by increasing the electron density on 
the ring through an inductive donating effect. This effect allows alkyl groups to stabilise 
the phenothiazine chromophoric carbocations probably more when the (-CH3) groups are 
in positions 2&8 as in NMB making it difficult to degrade compared to positions I&9 in 
case of DMMB which may allow susceptible sites for easy degradation of the DMMB 
chromophore. In addition the steric hindrance effect of the two (-CH2CH3) groups on the 
arylamine at positions 3&7 which are on ortho positions with the two auxo (-CH3) groups 
at positions 2&8 may also affect the degradation rate. 
During the electrolysis process, it was observed that in general the pH value goes up to a 
value of 9-10 at the beginning of electrolysis, then decreases slightly near the end of 
electrolysis process. It was reported in literature that during the course of electrolysis pH is 
influenced by cathodic and anodic process and by the sequence of the reactions of chlorine 
in water. For example, the elementary chlorine produced on the anode lowers the pH value. 
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On the contrary, an increase in pH is caused by reduction of hydrogen ion on the cathode 
according to the reaction: 
2H20+26 -* H2+20fr 
The substitution reaction of chlorine with organic compounds results in pH increase. 
2 H20 <* 02 +4 H+ +4 
or 2 Cl- <--ý> C12 +2 e- 
The UV region showed the appearance of absorbance with different intensity at around 303 
nm which coincide respectively with the relevant absorptions of the MV and 
phenothiazinium compounds used. The results show that altering the structure of the 
phenothiaziniurn chromophore can lead to improved electrochemical degradation 
considering the time of electrolysis duration. 
A similar effect was found for the azine, acridine and oxazine dyes as can be seen from 
Table 3.34 and 3.35. 
Substituents with C=C (-aryl) are also electron donating groups - they activate the aromatic 
ring by a resonance donating effect. This is a similar effect to that for (-NH2) substituent 
except that the electrons are from a bonded pair not a lone pair. 
The data in Table 3.34 show that the colour removal achieved within: 
a 30 minutes electrolysis ranges from 65-98% and follows the following decreasing 
order: (AO =-: MB ZnC12) > (NB =- MB) > NR > RS 
60 minutes electrolysis ranges from 98-99% and follows the following decreasing 
order: (NB, --t NR) > (AO =- RS) > MB 
120 minutes electrolysis ranges from 98-100% and follows the following decreasing 
order: (MB ZnCl2 =- NR =- NB) > (RS =- AO) > MB 
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R8 
RI 
xR 
R7 
Xy 
-;: ý R3 
A 
R8 
x 1ý2 
R7: 
&y *1ý3 
11 11 
Table 3.34 Chemical structure showing different substituents and heteroatoms in the 
azine, acridine and oxazine dyes used in this study 
Dyename Formula x y R3 it 
7 R8 R9 
Methylene Blue (MB) A N s NMe, NMc, II II 
Acridine Orange (AO) A C N NMe, N Me, II II 
Neutral Red (NR) B N NH 'NMe2 NI 12 Me H 
Nile Blue (NB) B N 0 N Et2 NH2 C4H4 
Resonifin (Re) B N 0 0 NaO H 
Table 3.35 Comparison summary of percentage colour removal of azine, acridine and 
oxazine dyes using NaCl 
Colour re moval % Time (min) MB MB ZnC12 AO NR RS NB 
10 97 98 98 96 65 97 
60 98 99 99 99 99 99 
120 98 100 99 too 99 too 
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4.1 INTRODUCTION 
4.1.1 Food Colours in History 
Food additives are substances added intentionally to food to preserve flavour or improve its 
taste and appearance and to promote sale [1-3]. The addition of colourants to foods is 
thought to have occurred in Egyptian cities, where candy makers around 1500 BC added 
natural extracts and wine to improve the products appearance. Up to the middle of the 19 th 
century ingredients, such as the spice, saffron, from the area local to the production units 
were added for decorative effects to certain foodstuffs [4-6]. 
Following the industrial revolution both the food industry and 'processed food' developed 
rapidly. The addition of colour, via mineral and metal based compounds, was used to 
disguise low quality and adulterated foods [1], some more lurid examples being the use of 
red lead (Pb304) and vermillion (HgS) to colour cheese and confectionery and the 
application of copper arsenate to recolour used tea leaves for resale. Copper arsenate also 
caused two deaths when used to colour a dessert in 1860 [4]. 
Toxic chemicals were used to tint certain candies and pickles. Historical records show that 
injuries, even deaths, resulted from tainted colourants. In 1856 the first synthetic colour 
(mauvine), was developed by Sir William Henry Perkin and, by the turn of the century, 
unmonitored colour additives had spread through the USA and Europe in all sorts of 
popular foods, including ketchup, mustard, jellies, and wine [4,7]. Sellers at the time 
offered more than 80 artificial colouring agents, some intended for dyeing textiles, not 
foods. Many colour additives had never been tested for toxicity or other adverse effects [4]. 
As the 1900s began, the bulk of chemically synthesised colours were derived from aniline, 
which is toxic. Originally, these colours were dubbed 'coal-tar' colours because the starting 
materials were obtained from bituminous coal [4]. 
Although colours from plant, animal and mineral sources, had been used in earlier times, 
because they were the only colouring agents available, which remained in use until early in 
20th century, manufacturers had strong economic incentives to phase them out. Chemically 
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synthesised colours simply were easier to produce, less expensive, superior in colouring 
properties [3] and only tiny amounts were needed [4,7]. They blended easily and didn't 
impart unwanted flavours to foods. But as their use grew, so did safety concerns [8]. 
This led to numerous regulations [5] throughout the world. For example, the USA reduced 
the permitted list of synthetic colours to seven from the 700 being used! [4]. However 
'adulteration' continued for many years and this, together with more recent adverse press 
comments on food colours and health, has continued to contribute to the consumers concern 
about colour addition to our foodstuffs [1,4]. 
4.1.2 Purpose of Food Colouring 
Colour variation in foods throughout season and the effects of processing and storage often 
make colour addition commercially advantageous to maintain the colour expected or 
preferred by the consumer [6,9]. Some of the primary reasons include: 
0 Offsetting colour loss due to the effect of light, air, extremes of temperature, 
moisture, and storage conditions. 
" Masking natural variations in colour. 
" Enhancing naturally occurring colours. 
" Providing identity to foods. 
" Protecting flavours and vitamins from damage by light. 
" Decorating purposes such as in cake icing. 
Synthetic colours in food products are predominantly azo and triarylmethane dyes. These 
are mostly acidic or anionic dyes containing carboxylic acids, sulphonic acid or hydroxyl 
groups [10]. 
4.2 AZO DYES 
Azo compounds are by far the most widely used synthetic organic colourants (60-70%) 
[11-13] and more than 2000 of such substances are listed in the colour index (CI) [14]. 
Their chromophoric system consists of azo groups (Ar-N=N-) in association with 
auxochromes (amino, chloro, hydroxy, methyl, nitro and sulphonate groups). Azo groups 
do not occur naturally [13]. In theory, azo dyes can supply a complete rainbow of colours, 
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but yellow/red dyes are more common than blue/brown dyes [13]. It has been estimated 
that about 50,000 tons of dye are discharged from dyeing and colouration industries every 
year [11]. 
4.2.1 Uses of Aromatic Azo Compounds 
4.2.1.1 Azo Compounds as Dyes and Pigments 
Aromatic azo compounds have intense colours due to the extension of the delocalised 
aromatic n-electron system made possible by the presence of the azo group. Azo 
compounds are widely used as dyes and pigments [15-18]. Today more than 2000 different 
azo dyes are currently being used in the industries such as textiles, leather, plastics, 
cosmetics and food for the dyeing of various materials [ 19]. 
4. Z1.2 Application in Analytical Chemistry 
Another area of application of aromatic azo compounds is analytical chemistry where some 
of these compounds are used as indicators in pH, redox or complexometric titrations [20]. 
In addition to titrations, direct and indirect determinations of transition metal ions in 
different matrices have also been presented utilising electroanalytical techniques such as 
polarography [21] and voltarnmetry [20,22-24]. 
4. ZI. 3 Pharmaceuticals 
Azo compounds are also used in the pharmaceutical industry [20] as antibacterial medicine 
in treatment of colon infections [20], and in treatment of rheumatoid arthrithtis and 
ulcerative colitis [20]. Other uses of azo compound includes preparations of medicinal 
capsules [25,26], and many other medications including Berocca, Polaramine, Ventolin 
syrup [25,27]. 
4.3 TRIPHENYLMETHANE DYES 
TriPhenylmethane dyes form a very important class of commercial dyes. They are among 
the first of the synthetic dyes to be developed and still find applications in many fields. 
These dyes are renowned for their outstanding intensity of colour, their brilliant shades of 
red, blue, and green, and low light fastness on many substrates. These features enable the 
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uses of triphenyl methane dyes to be divided into two categories: namely (i) where low light 
fastness is not a problem and intensitY of colour is advantageous and (ii) where low light 
fastness is of interest [28]. 
Triphenyl methane dyes are used chiefly in copying paper, in hectography and printing inks, 
and in textile applications [29], and in medicine, histology and cytology as a stain [30]. 
Tables 4.4 and 4.5 show some applications of azo and triphenyl methane dyes. 
4.4 REGULATION 
Food colourings are tested for safety by various bodies around the world. For each of them, 
an acceptable daily intake (ADI) [21] values in food has been established by the Food and 
Agricultural Organization (FAO) and World Health Organization (WHO) [2,10,31,32]. In 
the United States, the Federal Food, Drug, and Cosmetic Act (FD&C) requires that 
numbers be given to approved dyes while, in the European Union, E numbers are used 
which are usually found on food labels throughout the European Union. The numbering 
scheme follows that of the International Numbering System (INS) as determined by the 
Codex Alimentarius Committee (CAQ. Only a subset of the INS additives is approved for 
use in the European Union, giving rise to the 'E' prefix [33-35]. The E- stands for EU 
(European Union) and these numbers have been tested for safety and been passed for use in 
the EU. Food dyes without an E in front are allowed in the UK but may have not been 
passed for use in all EU countries [36]. This numbering scheme has now been adopted and 
extended to internationally identify all additives, regardless of whether they are approved 
for use [5,36]. 
There are 304 food additives approved for the use across the European Union: 46 colours, 
15 sweeteners, and 234 in the other categories. Table 4.1 lists the synthetic food colourant 
additives with their E numbers. 
Currently, the seven permitted synthetic pigments in the USA compares with the 17 
permitted synthetic dyes within the EU. The list of permitted food colourants varies from 
country to country [37]. 
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Tables 4.1: E numbers of synthetic colour food additives 
E no. Colour additives E no. Colour additives 
E102 TartrazIne* FI 128 Red 2G * 
E 103 1 Clirysoine Resorcinol E129 Allura [Zed AC 
E104 Qinoline Yellow* E130 Indandircne blUe RS 
E105 Fast Yellow AB El3l Patent BILie V* 
E107 Yellow 2G* E132 Indigocarmine, Indi otine 
El 10 Sunset yellow FCF* E133 Brilliant Blue FCF` 
EIII Orange GGN E142 Greens S* 
E122 Carmoisine, Azorubine E151 Black IIN, Brilliant Black BN 
E123 Amaranth E152 Black 7984 * 
E124 Pnceau 4R, Cochineal Red A, 
Brilliant Scarlet 4R * 
E154 Brown FK, Kipper Brown 
E125 Scarlet GN E155 Brown I-IT, Chocolate brown i IT 
E126 Ponceau 6R E172 Iron oxides and hydroxides 
E127 Erytlirosine* E180 I Pigment Rubine, Lithol RUbine 13K 
*'Fhe E numbers of additives that the Hyper Active Children Support Group (I IACSG) 
recommend should be avoid. 
4.5 HAZARDS AND HEALTH PROBLEMS OF FOOD COLOUR ADDITIVES 
4.5.1 Toxicity of Azo Dyes 
The current environmental concerti with azo dyes revolves around the potential 
carcinogenic health risk that they or their intermcdiate biodegradation products present to 
humans [38-41]. As dyes are designed to colour variOLIS SUbstances and solutions, there is 
great potential for these dyes to build Lip in the environment since many of' tlicni pass 
through wastewater treatment plants virtually untreated. 
The genetic toxicity of the major clyestull's Lised in foods has been confirmed 1421 and 
structure-activity relationships have been assessed [43,441. Wcber and Wolfe dcnionstrated 
that azo- and nitro-compounds are reduced in sediments [451, and similarly Chun. v, et al. 
[46] illustrated their reduction in the intestinal cnvironnient 143,47,491, reSLIltIlIg in the 
formation ot'toxic amines [49]. 
4.5.2 Food Scare of Sudan Dyes 
Sudan dyes are non ionic fat-soluble dyes and belong to tile azo-dye class. SUclan I (also 
commonly known as Cl Solvent Yellow 14 and Solvent Orange R), is ail orange-red 1501 
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and has a chemical name of I -phenylazo-2-naphthol [ 12,5 1] (Figure 4.1). Sudan I has also 
been adopted for colouring various foodstuffs, including particular brands of curry powder 
and chili powder [52]. Sudan I is also present as an impurity in sunset yellow, which is its 
disulfonated water-soluble derivative [50] (Figure 4.2). Sudan 11 (Figure 4.1) is the 
dimethyl derivative of Sudan I and it has been tested in mice by bladder implantation, 
resulting in a high incidence of bladder carcinomas [12]. Sudan I has been declared a 
possible carcinogen. Laboratory tests on mice showed growth of cancerous tumours in the 
liver. Turnours also developed in the bladder, following a direct injection into the urinary 
bladder. Tests via oral administration have so far proved negative [50]. However, the 
additive is banned from use in foods throughout the EU even though the amount of Sudan I 
used in popular foods is small [50]. 
Sudan I is not a permitted colour in the UK under the Colours in Food Regulations 1995. It 
is considered to be a genotoxic carcinogen and its presence is not permitted in foodstuffs 
for any purpose at any level [3,51,53]. 
In February 2005, Sudan I became a prominent news topic, particularly in the United 
Kingdom [53,54]. A Worcester sauce produced by Premier Foods was found to be 
contaminated by the carcinogenic dye. The origin was traced to adulterated chili powder. 
The sauce was used in hundreds of supermarket products such as pizzas and ready-made 
meals, and the contamination has led to over 400 products being taken off the shelves [53]. 
The Regulation (EC) No. 178/2002 of the European Parliament and of the Council of 28 
January 2002 laid down the general principles and requirements of food law [55], 
suspending the placing on the market or use of a food or feed that is likely to constitute a 
serious risk to human health. In particular, discovery of the azo dye Sudan I in hot chilli 
and hot chilli products originating from India and marketed in the EU does not comply with 
the EU food safety requirements. As a consequence of this discovery, in June 2003, the EC 
Commission has adopted a decision on emergency measures concerning hot chilli and hot 
chilli products intended for human consumption [56]. The Food Standards Agency also 
alerts for the contamination with Sudan I dye of various meat preparations on the market in 
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UK and issues warnings about frozen meat products, spice mix and chips containing 
contaminated chili powder [57]. 
On January 2004, the EU Food Regulations 2003 amended the conditions for the import of 
chilli and chili products and the EC decided to extend the Commission Decision 
2003/460/EC requirement to cover Sudan II, Sudan III and Scarlet Red or Sudan IV [58]. 
HO 
O-N=N- 
Sudan I 
HO 
HC -N=N- 3z 
CH3 
SudanIl 
Figure 4.1: Chemical structures of Sudan I and Sudan 11 dyes 
Due to the scare, the government of Sudan has requested that the name of the dye be 
changed to avoid negative connotations being associated with the country and its food 
exports [50]. The origins of the "Sudan P name are uncertain, but one chemist has 
suggested it "probably got the name as a result of interest in the British Empire at the time 
it was developed in the late 19th Century. " 
4.5.3 Blue Smarties and triarylmethane dyes 
Blue Smarties are to be taken off the market and will be replaced by white ones. This was 
headline news in some of the UK's national newspapers in early May 2006 [59,601. 
Evidently, Nestle Rowntree is responding to concerns about possible risks to children's 
health from excessive consumption of certain synthetic food colourants and the company 
has decided to cease producing confectionery containing brilliant blue (13133), quinoline 
yellow (13104), sunset yellow (El 10), ponceau 4R (13124), and carmoisine red (13122). In 
excessive quantities, all these colourants are said to exacerbate problems such as 
hyperactivity [33] and attention deficit syndrome. E133, also known in the US as FD&C 
Blue-1, erioglaucine or alphazurine, is in the triary1methane category of colourants. The 
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International Agency for Research on Carcinogens (IARC) assigns it Class 3 status - mixed 
or limited evidence on potential to contribute to human cancers. From June 2006 onwards, 
red, green and yellow Smarties will contain natural instead of synthetic food colourants. 
Tubes of Smarties will also continue to contain the orange, mauve, pink and dark brown 
varieties. But, according to Nestld Rowntree, there is no suitable natural blue food 
colourant, so blue Smarties will be replaced by white Smarties. Clearly, there is a market 
opening for a food colour chemist to discover or invent a natural blue. 
4.5.4 Allergic Reactions to Food additives 
There is some evidence that certain additives can trigger allergic reactions in susceptible 
people. Additives are often viewed as harmful chemicals added to food without good 
reason [61]. Despite their safety pass by the EC a few people suffer from allergic reactions 
to some of them. If these colourants are eaten when certain drugs are being taken (e. g. 
aspirin, benzoic acid) they can induce allergic and asthmatic reactions in sensitive people 
[36,41,62]. The E numbers are helpful to these people because they can easily see whether 
the food contains an additive to which they are allergic [63]. Table 4.4 shows side effects of 
the azo dyes investigated in this study. 
4.6 AIM OF THIS WORK 
An attractive methodology to remove/degrade colours from aqueous solutions is the use of 
electrochemical technique, which is considered as a powerful mean of pollution control. 
This technology offers the possibility of in situ destruction or modification of various 
pollutants to less deleterious structures by anodic oxidation on high area electrodes [64-73]. 
Several researchers have studied the feasibility of electrochemical degradation of azo dyes 
used in the textile industry [74-79], however, very little research work has been done on the 
removal/degradation of synthetic food colours [80,81]. 
The main aim of the work described in this chapter is to investigate the electrochemical 
degradation of eight food colours in aqueous solutions amaranth, carmoisine, ponceau 4R, 
sunset yellow FCF, tartrazine, blue food colour, green food colour and yellow food colour. 
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Since the real industry effluents contains dissolved sodium, chloride, and sulphate ions, 
electrolysis experiments were conducted in a -chloride and sulphate medium and compared 
with the electrochemical degradation in aqueous solution. The Pt/Ti anode was selected in 
the present study because of its stability, long life, [72,81], low cost and commercial 
availability [79]. Brillas et al. mentioned that Pt anode is environmentally preferred since it 
releases much lower amounts of toxic metallic ions [82]. 
4.7 EXPERIMENTAL 
4.7.1 Dyes and Reagents 
The dyes: 
Ponceau 4R (paste) was purchased from local market in Tripoli, Libya. Carmoisine 
(synthetic cochineal), green food colour, blue food colour and yellow food colour, were 
synthesised by Supercook, Sherburn-in-Elmet-Leeds and were purchased from Tesco 
market. Deep orange food colour (sunset yellow FCF) was supplied by KTC (Edible) Ltd, 
JS House-Moorcroft Dr, Moorcroft Park, Wednesbury, UK. Tartrazine (powder) was 
supplied by The British Drug House Ltd, (B. D. H. ) Poole, England, and amaranth was 
obtained from Aldrich Chemicals (Plates 4.1 and 4.2). All dyes were used without any 
further purification. 
Sodium chloride and sodium sulphate were employed as electrolytes. All other chemicals 
used were analytical reagent grade and were used as supplied. Distilled water was used to 
prepare all solutions, and deionised water was used in TOC analysis. 
Each dye solution (2L) was prepared by dissolving 0.1 g of the dye in distilled water to 
make 50 pprn (50 mg/1) of dye concentration. At the beginning of each batch experiment 
the electrolytic cell was filled with 2 litres of dye solution and the required amount of the 
electrolyte was added to the solution (5 g/1). Table 4.2 summarises the food colourants and 
their commercial components used in this investigation. 
Figures 4.2 and 4.3 illustrate the chemical structures of the azo and triarylmethane dyes 
investigated, and Tables 4.3 and 4.4 summarise the key features and names of the food 
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colourants investigated in this study. Tables 4.5 and 4.6 show some of the uses, toxicity and 
side effects of these colours. 
HO 
N 
-aN=N a03S 
NN aO 3s 
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so 3 Na 
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Figure 4.2: Chemical structures of azo dyes under this study 
S03Na 
'03S Oil 
N(( 
N(C2H5)CH2 
oil 
+ 
N (C2H5)CH2 
N( 
So '3 -+C ý\, 
/Y 
Brilliant blue FCF 
S03Na Na03S , 
Green S 
Figure 4.3: Chemical structures of triphenyl methane dyes used in this study 
N (C2HS)CH2 
So '3 + 
-A4 
Brilliant blue FCF 
S03Na 
Na03 s- 
SO, Na 
OH 
'03S 
Nao3S 
Green S 
N(CH3)2 
N(C"3)2 
148 
PLO 
Jý AND& 
VE1100 
.. I coloslo, 
Plate 4.1: The commercial food colourant solutions used in this study 
Plate 4.2: The commercial food colourant powders used in this study 
Table 4.2: The food colourants and their commercial components used in this 
investigation 
Food Colour Comments 
Amaranth Powder 
Deep orange food Colour 
_ 
Sunset yellow FCF, sodium chloride, (Powder) 
Tartrazine Chloride free 
Red food colour Ponceau 4R, glycerine, propylene glycol, thickener, preservatives: E219 
(sodium methyl para-hydroxybenzoate), E217 (sodium propyl para- 
hydroxybenzoate), (the colour is a paste) 
Cochineal food colouring Carmoisine (gluten free), water, glycerine, citric acid, preservative: 
E21 1, sodium benzoate) 
Blue Food colouring Brilliant Blue FCF (0.24%), carmoisine (0.043%) (gluten free), water, 
glycerine, citric acid, preservative: (E21 1, sodium benzoate) 
Green food colouring Tartrazine (0.16%), green S (0.05%), water, glycerine, citric acid, 
preservativ (E21 1, sodium benzoate) 
Yellow food colour Tartrazine (0.13%), sunset yellow FCF (0.0 11 %), ponceau 4R (0.76%), 
sodium chloride, preservative: (E21 1, sodium benzoate), citric acid, 
water 
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Table 4.6: Uses, side effects & toxicity of the triarylmethane food colourants used ill this 
study 
Colour Uses Food Industry Other Application 
Area 
Side Effects and Toxicit 
Brilliant Beverages, dairy In drugs, soaps, It has previously been banned in 
blue FCF products powders, sharnpoos, and other Belgium, Germany, 
jellies, confections, hygiene, cosmetics Switzerland, Sweden, Austria, 
condiments, icings, preparation and as Norway, Denmark, 1rance, 
syrups, extracts [7, hydrolytic tracer [95]. Greece, Italy and Spain but has 
25,27,84,92,94]. In inks, as a fabric and been certificd as a safe 1'6od 
wool dye, and to stain additive in the I-JJ and is today 
proteins [25,96]. allowed in most ofthe countries 
12 5,9 6 
Green S Canned peas, rnint Used to stain living It may cause allergic reactions. 
jelly and sauce, cells. It is used in Banned in Sweden, USA 
packed bread crumbs ophthalmology, to Canada, Finland, Japan and 
and cake mixes, diagnose various Norway [25,27,971. 
preserved fruits and disorders of the eye's 
vegetables [25,27] surface [97]. 
4.7.2 Experimental Set-up for Electrolysis of Artificial Food Colourants 
The electrolytic cell (Plate 4.3) used in the present work for electrolysis of artilicial food 
colourants was made of Perspex sheets. Tile thickness of the Perspex sheet was 5 rnni, The 
internal size of the cell was 14.0 cm x 25.5 cm x 22.0 cm (width x lenoth x depth) with Cý 
effective volurne of 2 litres. Three holders for placing three electrodes were made at tile top 
edges of two opposite walls of the cell. The distance between these electrodes was fixed at 
1.5 cm. Experiments were conducted using two mesh anodes and one plate cathode. The 
size of the cathode was 0.15 cm x 10.5 cm x 14.5 cm (thickness x width x length). The size 
of each mesh anode was 12 cm x 10.2 cm (width x length). A power pack having an hiput 
of 230 V and variable output of 0-15 V with maximurn current of4.0 A was used as a direct 
current source. All experiments were conducted at ambient temperature. Fach experiment 
was run for 8 hours or otherwise specified depending on the nature of' tile experiment and 
the solution was kept agitated constantly by a magnetic stirrer. AbOLIt 20 ml ofthe solution 
was sampled in predetermined intervals from the middle part of the electrolytic cell by a 
glass pipette. The samples were analysed to monitor the percentage removal of dyes by 
using UV/visible spectrometer and TOC analyser. Fxperinients were performed in duplicate 
and found to be reproducible. 
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Plate 4.3: The experimental setup used for the electrochemical degradation of 
synthetic food colourants 
4.7.3 Apparatus and Analysis 
The pIJ meter was Mettler delta (Toledo) 320 Model pli-meter, calibrated with buffer 
solution (pH 4 and pH 7±0.05). A Perkin-Elmer Lambda 9 UV-visible Spectrophotometer 
was used in this work for the determination of dye concentrations at the maximum 
absorbance in the range of 250-700 nrn or otherwise specified on the spectra. Total organic 
carbon (TOC) was determined by using a model 700 (0.1. Corporation) TOC analyzer. All 
solutions were prepared in deionised water for TOC analysis. 
4.8 RESULTS AND DISCUSSION 
Three solutions were made in distilled water for each colour: (i) water only, (ii) water and 
sodium sulphate (5 g/1) and (iii) water and sodium chloride (5 g/1). Samples were 
withdrawn at intervals during the course of the electrolysis and analyzed using UV-visible 
absorption spectroscopy. Decrease in the intensity of absorbance was taken as an indication 
of decolourisation due to transformation of dyes. The pH of the each sample was measured 
before each anaiysis. 
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4.8.1 Degradation of Amaranth by Electrolytic Process 
The data in Tables 4.7-4.9 and Figure 4.4 show the electrolytic conditions and the UV- 
Visible spectra during the electrolytic destruction of amaranth in (a) aqueous, (b) Na2SO4 
and (c) NaCI solutions respectively. 
In aqueous solution, the peaks at 346 and 533 nm decreased progressively while the peaks 
at 275 and 292 nm increased with the later peak shifted toward the blue region 
(hypsochromic effect) during the course of electrolysis. Although 52% colour removal is 
achieved, the colour of the solution faded slightly, and the pH dropped from 8.2 to 6.00 
during the 480 minutes electrolysis. 
In aqueous Na2SO4 solution, generally the peaks at 275,346 and 533 nm decreased 
progressively, while the shoulder peak at 292 nrn increased slightly. Although 91% colour 
removal was reached during the course of electrolysis only a slight change of the original 
colour and the UV region of the dye remained at pH (5.3-7-3). 
In aqueous NaCl solution generally all the peaks at 292,346 and 533 nrn declined after 5 
minutes electrolysis, while the peak around 275 nm decreased and shifted progressively 
toward the blue region. The original colour of the amaranth in aqueous NaCl solution 
discharged completely after 5 minutes and 99% of colour removal is achieved after 15 
minutes electrolysis. An increase in the pH (4.5-8.7) was observed which indicate the 
formation of basic organic residues. The TOC data showed that 41% reduction in organic 
carbon was achieved in the presence of NaCl (Table 4.10). 
Hattori et al. [8 1] reported that a portion of amaranth is decomposed on the cathode surface 
while the other portion is decomposed to lower molecular weight components on the anode 
surface during the electrolytic process. Acetic acid and oxalic acid are detected as 
intermediate substances, and C02 gas is generated as a final product corresponding to the 
decrease in the oxalic acid concentration. 
Comparison between our study of electrochemical degradation of amaranth with other 
literature studies of amaranth are summarised in Table 4.11. 
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Table 4.7: Electrochemical decolourisation of amaranth in aqueous solution 
Tinic (min) pH Voltage (V) Colou 
-r 
% Ronoval 
0 8.2 14.80 Scarlet red 0 
5 7.7 15.60 Scarlet red 09 
15 7.6 15.01 Scarlet red II 
30 7.4 15.20 Scarlet red 12 
60 7.4 15.60 Scarlet red 20 
120 7.3 15.63 UOILýSarlet red 28 
240 7.3 14.80 Light Scarlet red 39 
360 7.2 14.80 Light Scarlet red 48 
480 6.0 14.80 Light Scarlet red 52 
Conditions: current, 0.05 1 A; temperature, ambient; concentration (amaranth, 50 mg/1) 
Table 4.8: Electrochemical decolourisation of amaranth in aqueous sodium sulphate 
Time (min) pH Voltage (V) Colour % Removal 
0 5. ') 9.65 Scarlet red 
5 7.5 9.67 Scarlet red 29 
15 7.4 9.70 Scarlet red 46 
30 7.4 9.60 Scarlet red 47 
60 7.4 9.40 Scarlet red 58 
120 7.4 9.32 Light Scarlet 79 
240 7.2 9.00 Light purple 82 
360 7.1 8.95 Liýht purple 88 
480 7.3 9.24 Light pink 91 
Conditions: current, 2.0 A; temperature, ambient; concentration (amaranth, 50 mg/l; 
Na-604,5 g/1) 
Table 4.9: Electrochemical decolourisation of amaranth in aqueous sodium chloride 
Time (min) pli Voltage (V) Colour % Removal 
0 4.5 5.75 Scarlet red 
5 7.3 5.80 Colouricss 95 
15 7.7 5.88 coloul-less 99 
30 8.3 5.89 Colourless 99 
60 8.3 5.85 Colourless 99 
120 8.4 5.76 Colourless 99 
240 8.7 5.74 Colourless 99 
360 8.7 5.71 Colourless 99 
480 8.7 5.70 Colourless 99 
Conditions: current, 2.0 A; temperature, ambient; concentration (allial'anth, 50 ing/l; NaCl, 5 g/1) 
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Table 4.10: TOC data of elect roche in ical degradation amaranth ill aqueous sodium 
chloride 
Time (min) TOC % Removal 
0 1179 
30 1000 15 
60 976 17 
120 840 29 
240 813 31 
360 764 35 
480 700 41 
Table 4.11: Comparison of electrochemical studies of amaranth with literature 
reports 
Dye conc. Electrodes Electrolytes Duration Degradation References 
tinie products 
(min) 
50 mg/I Platinised NaCI, 480 Not investigated This study 
titanium mesh Na2SO4 480 
80 ITIg/I Activated NaS04 480 n. i. [801 
carbon fibre 
(ACF) 
100 mg/I Diamond and Na, S04 120 1- [81] 
platinurn arninonaplithalene 
-4- 
SLIII'onateacetic, 
oxalic and rnaleic 
acids 
n. i. not indicated or not available 
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Figure 4.4: UV-Visible spectra during the electrolytic destruction of amaranth in (a) 
aqueous, (b) Na2SO4 and (c) NaCl solutions 
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4.8.2 Degradation of Carmoisine by Electrolytic Process 
The data in Tables 4.12-4.14 and Figure 4.5 show the electrolytic conditions and the UV- 
Visible spectra during the electrolytic destruction of carmoisine in (a) aqueous, (b) Na2SO4 
and (c) NaCI solutions respectively. 
The UV/visible spectra of carmoisine exhibits one round band at 343 nm in the UV region 
and two distinctive absorbance peaks at 494 nm, 532 nm and a shoulder at 576 nm in the 
visible region. 
In aqueous solution the peak at 343 nm, increased slightly and shifted toward the blue 
region. Meanwhile the peaks at 494 nm, 532 nm decreased gradually with 70% of colour 
removed during the 480 minutes electrolysis. However, no change in the original colour of 
carmoisine occurred (Table 4.12) and the UV region showed that some organic materials 
still remained in the solution. 
In aqueous Na2S04 solution all absorbance peaks decreased gradually and a shift of the 
peak at 532 nm to the UV region was observed during the progress of the electrolysis. The 
original red of carmoisine turned to pale brown red with only slight change of the pH (4.2- 
4.0). The data in Table 4.13 show that 91% of colour was removed in the visible region 
during the 480 minutes electrolysis. However, the peaks in UV region show organic 
material remains in the solution. 
During the electrolysis of carmoisine in aqueous NaCI solution, the absorption peak at 538 
nm in visible region declined rapidly until no peak was further observed (Figure 4.5 c). The 
original red of carmoisine was discharged after 30 minutes electrolysis and 100% colour 
removal was achieved in 120 minutes. The peaks at and 343 nrn declined with a shift 
toward the blue region during the progress of the electrolysis process, indicating a decrease 
in conjugation. A rise in the pH (4.0-7.8) of the solution was observed during the course of 
electrolysis from acidic to around neutral (Table 4.14). 
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Table 4.12: Electrochemical decolourisation of cannoisine in aqueous solution 
Time (min) PH Voltage (V) Colour 'yo Rcilloval 
0 4.4 14.90 Red 
5 4.5 14.30 Red 22 
15 4.9 14.70 Red 39 
30 5.3 14.65 Red 42 
60 5.5 14.90 Red 44 
120 4.7 15.15 Red 47 
240 5.8 15.30 Red 58 
360 4.4 15.62 Red 66 
480 4.2 15.63 [Zed 70 
Conditions: current, 0.1 -3) 
8 A; temperature, ambient; concentration (carmoisl ne, 5 in 
Table 4.13: Electrochemical decolourisation of carmoisine extract in aqueous sodium 
sulphate 
Time (min) pH Voltage (V) Colour % Removal 
0 4.2 9.36 Red 
5 4.2 9.40 Red 29 
15 4.2 9.40 Red 31 
30 4.3 9.30 Red 41 
60 6.8 8.95 Red 57 
120 4.4 8.70 Red 62 
240 3.8 8.46 Liýht red 77 
360 4.2 8.50 Pale red 86 
480 4.0 8.45 Pale brown red 91 
Conditions: CUrrent, 2.0 A; temperature, ambient; concentration (carmoisine, 5 mid; Na2SO4, 
5 g/1) 
Table 4.14: Electrochemical decolourisation of carmoisine in aqueous sodium 
chloride 
Time (min) PH Voltage (V) Colour % Removal 
0 4.0 5.40 Red 0 
5 4.2 5.42 Light yellow 95 
15 4.6 5.45 Pale yellow 96 
30 5.4 _ 5.46 Colourless 98 
60 6.4 5.43 Colourless 99 
120 7.3 5.38 Colourless 100 
240 7.7 5.35 COIOUrless 100 
360 7.7 5.50 Colourless 100 
480 7.8 5.60 Colourless 100 
Conditions: current, 2.0 A; temperature, ambient; concentration (carmoisine, 5 nil/l; NaCl, 
5 g/1) 
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Figure 4.5: UV-Visible spectra during the electrolytic destruction of carmoisine in (a) 
aqueous, (b) Na2SO4 and (c) NaCl solutions 
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4.83 Degradation of Ponceau 411 by Electrolytic Process 
The data in Tables 4.15-4.17 and Figure 4.6 show the electrolytic conditions and the UV- 
Visible spectra during the electrolytic destruction of ponceau 411 in (a) aqueous, (b) Na2S04 
and (c) NaCI solutions respectively. Ponceau 4R exhibits two absorbance peaks at 260 and 
344 nm in the UV region and a distinctive absorbance band at 520 nm. 
During the electrolysis the peak at 520 nm decreased and shifted to about 553 nm 
(bathochromic effect) after 240 minutes. Meanwhile the peaks at 256 and 344 nm in the UV 
region had increased at 30 minutes, then decreased during the remaining time of 
electrolysis (Figure 4.6 a). During the course of electrolysis, only 56% of the colour was 
removed and the pH value (7.8-5.8) of the aqueous solution decreased gradually, 
suggesting the formation of weakly acidic substances. 
In aqueous Na2S04 solution, a similar phenomenon was observed in the absorption spectra 
of the electrolysed ponceau 4R solution. As shown in (Figure 4.6 b) the peak at 520 nm 
decreased and shifted to about 553 nm toward the red region (bathochromic effect) after 60 
minutes. The degradation took place faster in the presence of Na2S04. The original pink- 
peach colour of ponceau 4R was discharged after 360 minutes and the pH varied slightly 
(5.8-6.7). Although 90% of the colour was removed, however, the UV region of the 
spectrum shows the presence of organic material in the solution (Table 4.16). 
As illustrated in Figure 4.6 c, with increasing electrolysis time the characteristic absorption 
peak at 520 nm declined rapidly in 5 minutes until no peak was observed. The original 
colour of ponceau also discharged in 5 minutes and 95% colour removal was achieved 
(Table 4.17). The peaks at 260 and 344 nm declined with the increasing electrolysis time, 
however, the UV region showed the presence of organic material in the solution. 
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Table 4.15: Electrochemical decolourisation of ponceau 411 in aqueous solution 
jime (min) PH I Voltage (V) Colou r % Removal 
0 7.8 14.73 Pink peach 
5 7.1 14.76 Pink peach 06 
15 6.8 14.80 Pinkpeach 15 
30 6.2 14.67 Pink peach 16 
60 6.0 14.30 Pink peach 18 
120 5.9 13.30 Pale peach 38 
240 5.9 11.94 Pale peach 43 
360 5.8 11.12 Pale p ach 46 
480 5.8 
_ 
1 10.70 Pale_peac_h___ 
_56 Conditions: current, 0.009 A; temperature, arnbient; concentration (ponceau 4R, 100 mg/1) 
Table 4.16: Electrochemical decolourisation of ponceau 4R in aqueous sodium 
sulphate 
jime (min) pH Voltage (V) Colour 'Vo Removal 
0 5.8 11.28 Pink peach 0 
5 6.0 11.50 
_ _Pa, 
ý_peach - - 27 
15 6.0 11.25 Pale pink 47 
30 6.0 11.00 Pale pink 50 
60 6.2 10.95 Pale pink 52 
120 6.4 10.70 Pale pink 58 
240 6.4 10.60 Pale pink 68 
360 6.6 10.40 Colourless 74 
480 6.7_ 
_ 
10.36 Colourless 90 
Conditions: current, 2.0 A; temperature, ambient; concentration (ponceau 4R, 100 mg/l; Na2SO4, 
5 g/1) 
Table 4.17: Electrochemical decolourisation of ponceau 411 in aqueous sodium 
chloride 
Time (min) pH Voltage (V) Colou r % Removal 
0 6.7 5.90 Pink peach 0 
5 7.7 5.96 Colourless 95 
15 7.8 6.00 Colourless 97 
30 8.0 6.03 Colourless 97 
60 8.2 5.97 Colouriess 97 
120 8.3 5.88 Colourless 98 
240 8.6 5.80 Colourless 99 
360 8.6 5.90 
_ 
Colourless 100 
- 480 8.8 __ 5.80 Colourless 100 
Conditions: current, 2.0 A; temperature, ambient; concentration (ponceau 4R, 100 mg/l; NaCl, 
5 g/1) 
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Figure 4.6: UV-Visible spectra during the electrolytic destruction of ponceau 4R in 
(a) aqueous, (b) Na2SO4 and (c) NaCl solutions 
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4.8.4 Degradation of Sunset Yellow FCF by Electrolytic Process 
The data in Tables 4.18-4.20 and Figure 4.7 show the electrolytic conditions and the 
UV/visible absorption spectra during the electrolytic destruction of sunset yellow FCF 
solutions and their residues in (a) aqueous, (b) Na2S04 and (c) NaCl solutions respectively. 
Sunset yellow FCF exhibits two absorbance peaks at 274 nm (small shoulder) and 328 nm 
in the UV region and a distinctive absorbance band at 490 nm and a broad shoulder at 420 
nm. 
In aqueous solution, the peaks at 274,328,420 nm and 490 nm decreased gradually and a 
red shift (bathochromic effect) of the absorption peak at 490 nm occurred during the course 
of electrolysis. The oily orange colour of sunset yellow solution turned to pale pink with 
more than 73% of colour removal attained during the course of electrolysis. 
In aqueous Na2S04 solution, the peaks at 274,328,420 nm and 490 nm gradually declined 
and the original orange colour discharged after 240 minutes electrolysis and about 98% of 
colour removal was achieved. The pH of the solution changed from 7.5 to 9.3. 
In NaCI solution, the peaks at 274,328,420 nm and 490 nrn rapidly declined in 5 minutes 
and the original orange colour discharged completely after 5 minutes electrolysis and 
almost 100% of colour removal was reached. A rise in the pH of the solution from 5.5 to 
8.6 also occurred. The UV spectra showed a new absorption peak at 302 nm after 15 
minutes which enhanced progressively during the electrolysis. 
The TOC data showed the residual concentration of the remaining dye for sunset yellow 
FCF was less than half of their initial concentration (54%) as can be seen in Table 4.21. 
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Table 4.18: Electrochemical decolourisation of sunset yellow FCF in aqueous solution 
Time (min) pH Voltage (V) Colour 'Yo Re oval_ 
0 7.7 14.80 Oily orange 0 
5 7.5 15.65 Yellow 09 
15 7.4 15.32 Light each 15 
30 7.3 15.50 Light peach 22 
60 7.2 15.55 Pcach 40 
120 7.2 15.63 Peach 59 
- 
240 7.0 15.63 Light pink 73 
- 
360 7.1 14.93 Baby pink 74 
480 7.1 14.84 Pale pink 
Conditions: current, 0.154 A; temperature, ambient; concentration (sunset yellow FCF, 5 m1/1) 
Table 4.19: Electrochemical decolourisation of sunset yellow FCF in aqueous sodium 
sulphate 
Time (min) PH Voltage (V) Colour % Removal 
0 7.5 9.90 Oily orange 0 
5 7.8 9.82 Oily orange 09 
15 7.7 9.75 Oily orange 27 
30 7.6 9.80 Pale orange 36 
60 7.5 9.79 Light p -ach 57 
120 7.6 9.57 Pale peach 80 
240 7.7 9.65 Colourless 92 
360 8.7 9.50 Colourless 96 
480 9.3 9.47 Colourless 98 
Conditions: current, 2.0 A; temperature, ambient; concentration (sunset yellow FCF, 5 i-nl/l; 
Na2SO4,5 g/1) 
Table 4.20: Electrochemical decolourisation of sunset yellow FCF in aqueous sodium 
chloride 
_Time 
(min)_ pH Voltage (V) Colour % Removal 
0 5.5 5.85 OiiLv orange 0-- 
5 5.6 _ 5.96 ___ - Colourless 90 
15 8.3 5.92 Colourless 98 
30 8.6 5.95 Colourless 99 
60 8.2 5.79 Colourless 99 
120 8.6 5.60 Colouriess 99 
240 8.6 5.63 Colourless 99 
360 8.6 5.65 Colourless 100 
480 8.6 5.75 Colouriess 100 
Conditions: current, 2.0 A; temperature, ambient; concentration (sunset yellow FCF, 5 ml/l; 
NaCl, 5 g/1) 
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Table 4.21: TOC data of electrochemical degradation sunset yellow FCF in aqueous 
sodium chloride 
Time (min) TOC (ppm) % Removal 
0 2.73 
5 2.39 12 
10 2.17 20 
15 2.07 24 
30 2.06 25 
60 1.39 49 
75 1.26 54 
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Figure 4.7: UV-Visible spectra during the electrolytic destruction of sunset yellow 
FCF in (a) aqueous, (b) Na2SO4 and (c) NaCl solutions 
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4.8.5 Degradation of Tartrazine by Electrolytic Process 
The data in Tables 4.22-4.24 and Figure 4.8 show the electrolytic conditions and the UV- 
Visible spectra during the electrolytic destruction of tartrazine in (a) aqueous, (b) Na2SO4 
and (c) NaCl solutions respectively. Tartrazine exhibits two distinctive absorbance peaks at 
270 and 438 nm. 
In aqueous solution of tartrazine, the peaks at 270 and 438 nrn decreased slightly and only 
22% of the colour was removed, and no change of the original lemon yellow colour was 
seen, neither was there a change in the pH (7.7-7.3) of the solution. A slight increase in the 
absorption (hyperchromic effect) was observed at the trough around 326 nm. 
In aqueous Na2SO4 solution of tartrazine, the peak at 270 and 438 nm decreased gradually 
until 89% of colour removal was attained after 360 minutes electrolysis and the lemon 
yellow solution turned to lighter yellow and the solution pH increased from 5.7 to 8.5. 
Meanwhile, a hyperchromic effect was observed at the trough around 325 nm during the 
course of electrolysis. 
In aqueous NaCl solution, the peak at 438 nm declined in 15 minutes electrolysis and more 
than 97% of colour was removed in 30 minutes. The lemon yellow of tartrazine was 
discharged completely after 15 minutes electrolysis. A rise in the pH (5.7-9.2) of the 
solution from slightly acidic (pH 5.7) to basic (pH 9.2) was occurred. Meanwhile, a new 
absorption band formed at the trough around 328 nm with complicated behaviour of 
hyperchromic and hypochromic effects during the electrolysis. 
The literature search showed that an electrochemical method has been used for the 
treatment of effluents containing tartrazine and other colouring compounds [98]. However, 
no detailed information about the electrochemical conditions was found concerning this 
literature reference. 
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Table 4.22: Electrochemical decolourisation of tartrazine from aqueous solution 
_ 
Time (min) pH Voltage (V) Colour "/0 Removal 
-------o 
7.7 14.80 Lemon yellow 
15 7.7 15.20 Lemon ycl low 03 
30 7.8 15.60 _ Lemon yellow 06 
120 7.3 15.80 Lemon yellow 11 
180 7.5 15.60 Lemon yellow 12 
240 7.5 15.60 Lei-non yellow 17 
300 7.3 14.80 Lemon yellow 
Conditions: current, 0.044 A; temperature, ambient; concentration (tartrazine, I g/1) 
Table 4.23: Electrochemical decolourisation of tartrazine in aqueous sodium sulphate 
jime (min) pH Voltage (V) Colour % Removal 
0 5.7 8.25 Lei-non yellow 0 
5 6.2 8.80 Lemon yellow 06 
15 6.2 9.16 Lemon yellow II 
- 
30 6.1 9.35 Lemon yellow 19 
60 6.1 9.04 Lemon yellow 33 
120 6.5 8.70 Lemon yellow 51 
240 6.3 8.96 Lei-non yellow 69 
- 
360 8.2 9.06 Light yellow 83 
- 
480 8.5 9.15 Pale yellow 89 
Conditions: current, 2.0 A; temperature, arnbient; concentration (tartrazine, I g1l; Na2SO4, 
5 g/1) 
Table 4.24: Electrochemical decolourisation of tartrazine in aqueous sodium chloride 
jime (min) PH v Colour % Removal 
0 5.7 5.75 Lei-non yellow 
- 
15 8.4 5.60 Colourless 96 
30 8.6 5.71 COIOUrless 96 
60 8.7 5.25 Colourless 97 
120 8.2 5.40 Colourless 97 
- 
240 9.1 5.45 Colourless 97 
300 9.1 
- 
5.52 Colourless 97 
- 
480 9 .2 5.56 Colourless 97 Conditions: CUrrent, 2.0 A; temperatUre, ambient; concentration (tartrazine, I g/l; NaCl, 5 g1l) 
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Figure 4.8: UV-Visible spectra during the electrolytic destruction of tartrazine in (a) 
aqueous, (b) Na2SO4 and (c) NaCI solutions 
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4.8.6 Degradation of Blue Food Colour (Brilliant Blue FCF & Carmoisine) by 
Electrolytic Process 
The data in Tables 4.25-4.27 and Figure 4.9 show the electrolytic conditions and the UV- 
Visible spectra during the electrolytic destruction of blue food colour in (a) aqueous, (b) 
Na2SO4and (c) NaCI solutions respectively. 
The UV/visible spectrum of an aqueous solution of the blue food colour exhibited two 
absorption peaks at 319,420 nm and one distinctive sharp peak at 641 nm in the visible 
region. During electrolysis the peak at 641 nm decreased slightly, but only 20% of colour 
removal was achieved at pH 4.3-3.7. No change in the original colour was observed (Table 
4.25). 
In aqueous Na2SO4 solution the peaks at 319,420 nm and 641 nm decreased gradually until 
68% of colour was removed, a hyperchromic effect was observed around 245-300 nm after 
30 minutes electrolysis. The original blue colour slightly faded to turquoise and the pH 
changed from 4.7 to 6.2. 
In aqueous NaCl solution the sharp peak at 641 nrn declined rapidly until no peak was 
observed in less than 5 minutes electrolysis during which time 99% of colour removal was 
achieved. Also the original blue solution turned to grey and eventually all colour was 
discharged after 15 minutes electrolysis with an increase in the pH of the solution to basic 
medium (pH 5.5-8.5). The peaks at 319 and 420 nm declined with the increase of 
electrolysis time, indicating the destruction of aromatic rings. Meanwhile, the absorption at 
the troughs was enhanced slightly after 240 minutes electrolysis. 
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Table 4.25: Electrochemical decolourisation of blue food colour (brilliant blue FCF & 
carmoisine) in aqueous solution 
Time (min) PH Voltage (V) Colour % Removal 
0 4.3 14.30 Blue 0 
5 3.7 15.10 Blue 07 
15 4.2 15.00 Blue 08 
30 4.2 15.22 Blue 09 
60 4.0 15.25 Blue 09 
120 4.1 14.45 Blue 10 
240 3.6 13.15 Blue II 
. 360 
3.5 11.50 Blue 16 
480 3.7 10.63 Blue 20 
Conditions: current, 0.0332 A; temperature, ambient; concentration (blue t'ood colour, 5 nil/1) 
Table 4.26: Electrochemical decolourisation of blue food colour (brilliant blue FCF & 
carmoisine) in aqueous sodium sulphate 
Time (min) pH Voltage (V) Colour % Removal 
_ 0 4.7 10.60 Blue 0 
5 4.6 10.50 Blue 05 
15 5.0 10.38 Blue 07 
30 4.9 10.30 Blue 09 
60 4.8 10.05 Blue 22 
120 5.0 9.82 Light blue 22 
240 5.2 9.67 Light blue 37 
360 5.5 9.76 Turquoise 64 
F 480 6.2 9.80 Turquoise 68 
Conditions: current, 2.0 A; temperature, arnbient; concentration (blue food colour, 5 rnl/l, Na, S04, 
5 U/1) 
Table 4.27: Electrochemical decolourisation of blue food colour (brilliant blue FCF & 
carmoisine) in aqueous sodium chloride 
Time (min) pH Voltage (V) Colour % Removal 
0 5.5 5.87 131LIC 0 
5 5.2 5.90 Grey 99 
15 8.0 5.96 Colourless 100 
30 8.6 5.95 Colourless 100 
60 9.0 5.93 Colourless 100 
120 9.6 5.83 Colourless 100 
'240 8.5 5.85 Colourless 100 
360 8.4 5.90 Colourless 100 
480 8.5 5.93 Colourless 100 
Conditions: current, 2.0 A; temperature, ambient; concentration (blue food colour, 5 rnl/l, NaCl, 5 g/1) 
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Figure 4.9: UV-Visible spectra during the electrolytic destruction of blue food colour 
in (a) aqueous, (b) Na2SO4 and (c) NaCl solutions 
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4.8.7 Degradation of Green Food Colour (Tartrazine, Green S) by Electrolytic Process 
The data in Tables 4.28-4.30 and Figure 4.10 show the electrolytic conditions and the UV- 
Visible spectra during the electrolytic destruction of green food colour in (a) aqueous, (b) 
Na2SO4 and (c) NaCl solutions respectively. The UV/visible spectra of the green food 
colour exhibit one absorption peak at 275 nm in the UV region, and two peaks at 439 nm 
and 646 nm in the visible region. 
During the electrolysis of the aqueous solution the absorption peak at 646 nm decreased 
gradually until 85% of colour removal was reached at pH 3.5-3.7. The original green 
solution changed to lime (Table 4.28). On the other hand the peaks at 275 nm and 439 nm 
decreased only slightly (hypochromic effect) during the course of electrolysis. 
Two stages were observed in case of electrolysis of green colour using aqueous Na2SO4. 
Initially slow degradation of the peaks at 439 nrn and 646 nrn occurred after 120 minutes, 
then after 240 minutes fairly rapid degradation occurred, but no overall colour change 
occurred. In the second stage, a fast decrease was observed in absorbance intensity after 
360 minutes, with 85% colour removal, and the colour turned into lighter pistachio green 
with an increase in pH from acidic to neutral (4.6-7.2). Meanwhile, the absorption at the 
troughs was enhanced (hyperchromic effect) slightly around 530 nrn and more 
hyperchromic effect at 353 nm. 
Electrolysis of the aqueous NaCI solution caused the visible absorption band at 439 nm and 
the peak at 641 nm to decline rapidly so no peak was observed after I minute of electrolysis. 
Also the green colour of the solution was completely discharged and 94% of colour 
removal was achieved. However, a new absorption peak was developed at the trough 
around 308 nm which enhanced progressively during the 360 minutes of electrolysis time. 
A decrease of the intensity of this peak occurred after 480 minutes electrolysis. 
174 
Table 4.28: Electrochemical decolourisation of green food colour in aqueous solution 
Time (min) pH Voltage (V) Colour IYO Removal 
0 
-3.5 
15.71 Green 0 
15 3.7 15.69 Green 07 
30 3.5 15.63 Green 11 
60 3.5 15.25 Green 24 
120 3.5 15.62 Green 39 
240 3.5 15.31 Light green 62 
360 3.7 15.02 Lime 76 
480 3.7 15.62 Lime 85 
Conditions: current, 0.07 1 A; temperature, arnbient; concentration (green food colour, 5 nil/1) 
Table 4.29: Electrochemical decolourisation of green food colour in aqueous sodium 
sulphate 
Time (min) pH Voltage (V) Colour % Removal 
0 4.6 10.20 Green () 
15 4.6 10.02 Green 02 
30 4.7 9.80 Green 04 
60 4.6 9.60 Green 07 
120 4.6 9.45 Green 12 
240 4.7 9.38 Green 26 
360 7.0 9.34 Light green 83 
480 7.2 9.28 Pistachio green 85 
Conditions: current, 2.0 A; temperature, ambient; concentration (green food colour, 5 ml/l; 
Na2SO4,5 g1l) 
Table 4.30: Electrochemical decolourisation of green food Colour in aqueous sodium 
chloride 
Time (min) H Voltage (V) Colour % Removal 
0 6.3 7.71 Green 
1 4.5 7.59 Colourless 94 
15 6.5 7.55 Colourless 98 
30 5.3 7.47 Colourless 98 
60 5.4 7.50 Colourless 98 
120 5.2 7.53 Colourless 98 
240 5.5 7.57 Colourless 99 
360 5.7 7.59 COIOUrless 100 
480 5.7 7.65 Colourless 100 
Conditions: current, 2.0 A; temperature, ambient; concentration (green food colour, 5 ml/l; NaCl, 
5 g/1) 
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Figure 4.10: UV-Visible spectra during the electrolytic destruction of green food 
colour in (a) aqueous, (b) Na2SO4 and (c) NaCl solutions 
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4.8.8 Degradation of Yellow Food Colour (Tartrazine, Sunset Yellow FCF, Ponceau 
4R) by Electrolytic Process 
The data in Table 4.31 and Figure 4.11 show the electrolytic conditions and the IN-Visible 
spectra during the electrolytic destruction of yellow f-ood colour in NaCl solution. The 
UV/visible spectra of the Yellow Food Colour exhibit one absorption peak at 265 ilm in the 
UV region, and a band at 439 nm in the visible region. 
Figure 4.11 shows the progress of the electrolysis of' the aqueous NaCI solution. The 
absorption band at 439 nm declined rapidly in 2 minutes electrolysis, and 97% Of' COIOLIr 
was removed. The peak at 265 nin showed a shift toward the UV region with a decrease 'in 
absorbance (Iiyochromic effect) after 2 minutes. 
The visible yellow colouration was discharged completely in 60 minutes, and 100% colour 
removal was achieved after 480 minutes. However, a new absorption band at the trough 
around 342 nm was formed after 2 minutes electrolysis, which shifted toward the UV 
region progressively with increasing electrolysis time by 40 nrn. A rise in the pt I of the 
solution to basic medium (3.8-8.5) was also observed during the course of electrolysis. 
Table 4.31: Electrochemical decolourisation of yellow food colour in aqueous sodium 
chloride 
Time (min) pH Voltage (V) Colour % Removal 
----- 0 3.8 9.04 Yellow 0- 
2 4.0 8.60 Light yellow 97 
15 4.2 8.35 Light yellow 97 
60 5.9 8.20 Colourless 97 
120 6.7 8.00 Colourless 97 
240 6.8 7.98 Colourless 97 
360 8.6 8.20 COIOLirless 97 
480 8.5 9.00 Colourless 100 
Conditions: current, 2.0 A; temperature, ambient; concentration (yellow food colour, 5 m1d; NaCI, 
5 g/1) 
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Figure 4.11: UV-Visible spectra during the electrolytic destruction of yellow food 
colour in NaCl solutions. 
Electrolysis time: 0 min_, 2 min__, 15 min 60 min_, 120 min 240 
min__, 300 min and 480 min 
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4.9 CONCLUSION 
The following conclusions were reached in this investigation: 
The use of a simple electrochemical cell has been demonstrated to be successful in reducing 
the colour imparted by synthetic food colours from aqueous solutions using supporting 
electrolytes. 
In the case of experiments conducted with azo based colourants (single component 
colour) the results showed that using NaCl as electrolyte the colour intensity decreased 
rapidly in less than 5 minutes electrolysis and 97-99% colour was removed during the 
60 minutes of electrolysis. However after 120 minutes electrolysis of the single 
component azp food colours in aqueous NaCl solution, the colour removal reached a 
plateau of 97-100% and the removal of these colours decreased in this order: 
carmoisine > sunset yellow FCF > amaranth > ponceau 411 > tartrazine. For the binary 
and ternary food colour the amount of colour removed after 60 minutes was in the range 
between 97-100% and followed this order: blue food colour > green food colour > 
yellow food colour. 
The addition of Na2SO4 as a supporting electrolyte also increased the colour removal 
efficiency slowly. About 51-80% and 89-98% of colour destruction was achieved 
during the 120 and 480 minutes of electrolysis and the decolourisation rate increased in 
the order: sunset yellow FCF > amaranth > carmoisine > ponceau 4R > tartrazine for 
single component azo colour. However, electrochemical degradation conducted on 
binary mixtures of blue and green colours using Na2SO4 as electrolyte over 480 minutes 
showed only 68-85% colour removal and the rate of removal was green > blue food 
colour. 
The electrolytic process in the absence of added electrolyte was less effective in 
removing the colour of the single component azo food colours from aqueous solution. 
For example, after 120 minutes electrolysis the colour removal achieved ranged from 
11 to 59% and followed this decreasing order: sunset yellow FCF > carmoisine > 
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ponceau 411 > amaranth > tartrazine. In case of the binary food colours, the range of 
decolourisation was from 10 to 39% following this order: green > blue food colour. 
Except for tartrazine, all other dyes (amaranth, carmoisine, ponceau 4R, sunset yellow 
FCF) are naphthol-based dyes with two or three sulphonic groups. The above results 
showed that tartrazine was the least decolourised and this could be due to the presence 
of the pyrazole ring and carboxylate group. This suggested that there is some selectivity 
for substrate structure in the destruction of azo dyes during the electrolytic process. 
The result also showed that prolonging the time of electrolysis of the food colours from 
60 minutes to 480 minutes has no significant effect on the colour removal when NaCl 
was used as a supporting electrolyte. Meanwhile extending the electrolysis process to 
remove food colours from aqueous and Na2SO4 solutions from 60 minutes to 480 
minutes showed a significant and gradual increase. For example, the percentage 
removal of amaranth from aqueous Na2SO4 solution was 58,79 and 91% after 60,120 
and 480 minutes, respectively. 
The UV spectra indicate that intermediate products were formed during the 480 minutes 
electrolysis in the cases of sunset yellow FCF, tartrazine, green colour and yellow 
colour in aqueous NaCl. For example, in the cases of amaranth and sunset yellow FCF, 
41 and 54% TOC reduction was achieved. Meanwhile the UV-visible spectra of 
carmoisine and blue food colour showed no Peaks in the UV region indicating that no 
significant amounts of organic compounds remain as intermediate compounds in the 
electrolytic solutions. 
The data in Tables 4.32-4.34 and Figures 4.12-4.14 showed the percentage removal of the 
synthetic food colours after 60,120 and 480 minutes electrolysis. 
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Table 4.32: The colour removal percentage at 60 minutes electrolysis 
0 /6 Colour removal 
ut eous Na2SO4 NaCl 
Amaranth 20 58 99 
Carmoisine 44 99 
Ponceau 4R 18 52 97 
Sunset yellow FCF 40 57 99 
Tartrazine 33 97 
Blue food colour 09 22 100 
Green food colour 24 07 98 
Yellow food colour I- I- 97 
100 
80 
60 
40 
20 
0 
Amaranth Ot'110'sille Poriceau4R Sunset Tartrazine BI LJC food (-, r evo food Yellow food 
yellow FCF colour colour colour 
m Aqueous M Na2SO4 3 NaCl 
Figure 4.12: The colour removal percentage of the synthetic food colours after 60 
minutes electrolysis 
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Table 4.33: The colour removal percentage at 120 minutes electrolysis 
Dye 
Amaranth 
% Colour removal 
Na2SO4 
28 79 
NaCl 
99 
Carmoisine 62 too 
Ponceau 411 38 58 98 
Sunset yellow FCF 59 80 99 
Tartrazine 11 51 97 
Blue food colour 10 22 100 
Green food colour 3912 
Yellow food colour 
98 
97 
100 
90 
80 
70 
60 
50 
40 
30 
20 
10 
0 
Amaranth Carmoisine Ponceau 4R Sunset Tartrazine Blue food Green food Yellow food 
yellow FCF colour colour colour 
Aqueous M Na2SO4 T'ý2c, 
Figure 4.13: The colour removal percentage of the synthetic food colours after 120 
minutes electrolysis 
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Table 4.34: The colour removal percentage at 480 minutes electrolysis 
Dye 
Amaranth 
% Colour removal 
Aqueous Na2SO4 
52 91 
NaCl 
99 
Carmoisine 70 91 100 
Ponceau 4R 56 90 100 
Sunset yell )w FCF 78 98 100 
Tartrazine 22 89 97 
Blue food colour 20 68 100 
Green food colour 
Yellow food colour 
85 
- 
85 
- 
100 
100 
100 
90 
80 
70 
60 
50 
40 
30 
20 
10 
0 
lip 
41 
0 
-0 -0 0 
M Aqueous M Na2SO4 M NaCl 
Figure 4.14: The colour removal percentage of the synthetic food colours after 480 minutes 
electrolysis 
W 
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5.1 INTRODUCTION 
Plants producing pigments which have current or potential uses in textile dyeing industries 
represent possible alternative crops having high value and quality. Textiles are articles of 
prime necessity with a greater degree of 'skin proximity' and regulations have been 
legislated which seek to avoid risks to the textile end-user [1]. On the other hand, textile 
dyeing is characterized by high environmental pollution and by high health risk to 
personnel handling harmful substances. Many colourants from synthetic sources can be 
harmful and cause allergies in humans, therefore, interest in natural dyes has increased 
considerably during the last few years [2,3 -11]. 
Natural dyes have a long and rich history-all the beauty and finery of past age were dyed 
naturally [12-14], because before 1856 all colours were naturally dyed. Since textile fibres 
are very fragile, few survive. The oldest known dyed fabrics date only to around 6000 BC. 
Seeds of the weld plant were found in several Neolithic excavations. There are dyed textiles 
from lacustrine settlements in Switzerland, Provengal pastel dyed fabrics, and cotton fabrics 
found in Mohenjo-Daro, in the Indus Valley (2500-1500 BC) [15]. In Crete, murex purple 
dyes dating to 1600 BC have been found. Ancient textiles have survived best in the dry 
climate of the eastern Mediterranean, particularly Egypt [14,15]. 
In the last decade, investigations about possible use of natural dyes in textile dyeing 
processes have been performed by various research groups. The dyeing of cotton and jute 
with tea as a natural dye using alum, copper sulphate, or ferrous sulPhate mordants has 
been studied by Deo and Desai [16]. Bhattacharya et al. [17] investigated the properties of 
selected natural dyes on jute [17-19]. Chan et al. utilized Chinese tea waste materials in 
dyeing wool fabric [20]. BrUckner et al. investigated the colour depth and fastness 
properties of selected natural dyes on wool and on synthetic fibres, e. g., polyester, 
polyamide, and polyacylonitrile [21]. Lokhande and Dorugade presented results with 
selected natural dyes on polyamide using various mordants, e. g., alum, ferrous sulphate, 
stannous chloride and tannic acid [22]. In general, the authors described encouraging results 
with regard to colour depth, shade, and fastness properties. The dyeing procedures are 
mainly two-bath dyeings including a separated mordanting step, so such processes are 
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rather difficult to handle in a modem dyehouse. In the study of BrUckner [21], the final 
conclusion focuses on the unsatisfying fastness properties of the natural dyes, which must 
be understood as an indicator for a distinct need for research to overcome these problems 
[11]. 
In the application of the dyes, different techniques of mordanting and post-treatment were 
used to improve colour fastness properties [3,23-26]. As a result, a broad set of variations 
in the dyeing recipes is given in the literature [7,27-32] and an optimization of the dyeing 
conditions with regard to the type of natural dye is quite common [8,33-38]. 
The numerous variations of plant sources and dyeing processes proposed in the literature 
make an introduction of natural dyeing into full-scale technical dyeing processes rather 
difficult. The rapid changes in trends and fashion and the demand for good fastness 
properties on different substrates requires a basic database describing possible applications 
of natural dyes, otherwise too much parallel optimisation work has to be done by each 
dyehouse[7]. 
This situation has led to a rather controversial discussion of expected advantages resulting 
from future use of natural dyes. While some experts focus on numerous difficulties which 
could hinder the successful introduction of natural dyes into regular dyeing processes [39- 
42], others concentrate more on expected advantages of technologies which are based upon 
sustainable sources [4,9,37]. The introduction of natural dyes into modem dyeing 
procedures e. g., ultrasonic dyeing [3,30,43,44] that can be seen as one step of a 
continuous development of textile dyeing and finishing processes towards increased 
sustainability with regard, for example, to water, chemicals, and energy consumption. As a 
result of the use of natural products with low toxicity, a decrease in the overall reduction of 
exposure to harmful chemicals is expected for both textile workers and wearers of the 
cloths. As long as the natural dyes remain chemically unchanged, the released dyebaths will 
fit into the natural pathways of biodegradation. 
Application of natural antimicrobial agents on textiles dates back to antiquity, when the 
ancient Egyptians used spices and herbs to preserve mummy wraps. Natural antimicrobials 
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were used to inhibit the growth of bacteria and mould in the fabric [45]. The prevention of 
microbial attack on textiles has become increasingly important to consumers and textile 
producers; therefore, interests in antimicrobial fabric finishing have steadily increased over 
the last few years [45,46]. 
Many of the plants used for dye extraction are classified as medicinal, and some of these 
have recently been shown to possess remarkable antimicrobial activity. Pomegranate [47] 
and many other common natural dyes e. g., cutch [46], sumac [48], are reported as potent 
antimicrobial agents owing to the presence of a large amount of tannins [49-52]. Several 
other sources of plant dyes rich in naphthoquinones such as lawsone from henna, juglone 
from walnut, and lapachol from alkannet are reported to exhibit antibacterial and antifungal 
activity [47,53]. Pharmacological studies have demonstrated that curcurnin used in 
traditional medicine results in antifungal activities [45]. 
Due to the fact that natural dyes can often inhibit the growth of microorganisms without 
toxicity, the study and application of these dyes on fabrics have gained attention [45,46]. 
These textiles dyed with these natural dyes can be very useful in developing clothing for 
infants, elderly and infirm people to protect them against common infections. They will be 
equally useful in bed linen, carpets and other home textiles, which are major propagators of 
common infections. 
In this research work, results from a study to evaluate sources for natural dyes are presented. 
Starting with about 53 different types of plants (and one dye of animal origin), which could 
be used as raw materials for dyestuff extraction, a selection was performed with regard to 
the following requirements: 
> Production of the plant material in sufficient amounts with modem agricultural 
methods including simple and environmentally clean extraction methods to obtain 
the dyestuffs. 
> Formation of a suitable class of dyes which is, in its applicability, comparable to the 
classes of synthetic dyes in use at the present. 
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In literature, this is the second study of natural plant colours to investigate such a large 
number of dye plants using objective colour descriptors based on sun light analysis and 
normalised fastness tests to determine colour stability. The first study was carried out by 
Guinot et al., [54]. In their study, 43 different plant species were investigated for dyeing 
properties using wool and cotton fabrics. The screening in their study involved a 
preliminary phytochernical characterisation of dyeing molecules present in the dyeing bath 
by thin layer chromatography, followed by a dyeing procedure, which included different 
fabric supports, a colourimetric analysis and a study of the fastness to light and to water of 
the dyed samples [54]. 
Objectives: 
The objectives of the work described in this chapter are: 
9 To use natural pigments in dye applications (e. g., textile fabrics) 
To identify major pigments occurring naturally in fruits, vegetables and spices from 
literature. 
To assess the colour fastness to wash and both natural and artificial sun light. 
The aims of the work described in this chapter are to dye three different fabric textiles, paj 
silk (animal fibre), brushed cotton (plant cellulose fibre) and crystallized shimmering satin 
(synthetic fibre) with eco-friendly natural dyes, and to investigate the effect of mordants 
type and mordanting techniques on the dyeing process. The major pigments occurring 
naturally in each dye are also discussed. 
5.2 CLASSIFICATION OF DYES BASED ON COLOUR 
Various natural dyes could present all the colours of the visible spectrum. The natural 
colour and hue of a dye can be altered by treatment with metal salts [44]. If the dye is of 
plant origin, the colour may vary depending on the part used and its age, the locality and 
conditions for growth, and season of harvesting [44,55]. 
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5.2.1 Red Colour Dyes 
Most red dyes are found in roots or bark of plants or camouflaged in the bodies of dull grey 
insects (e. g. cochineal). Unlike the wide abundance of yellow, the sources of red colour are 
limited. 
Cochineal is an important red dye and it is the brightest of all the available natural red dyes. 
Manjith (munjeet), alizarin and madder among the vegetable sources, lac and kermes 
among the animal sources give red colours [44] (Table 5.3). Usually the red dyes are of 
anthraquinone and naphthoquinone type (lawsone from henna) [55], and anthocyanins 
pigments are also responsible for the red colour of some fruits (e. g., red skin of ripe apple) 
[56]. Betanin is the major red pigments in the betacyanins (betalains) family (e. g., red beet 
and prickly pear) [57]. Red colour can also be found in flavonoids (e. g., red clover, madder) 
(Table 5.4) [1,55]. 
5.2.2 Yellow and Orange Dyes 
Many of the yellow and orange hues of nature are due to carotenoids [58]. Yellow is the 
liveliest and perhaps the most abundant colour in nature. The plants, which yield yellow 
dyes, outnumber those yielding other colours [44]. Carotenes (carotenoids) are responsible 
for the yellow and orange e. g., lycopene in tomatoes and capsicum. 8-carotene is also partly 
responsible for the colour of mango (Table 5.12) [55,58]. Xanthophylls (zeaxanthin) are 
the oxygenated carotenes and are responsible for the yellow colour of cis-bixin (annatto), 
crocin (saffron) and orange colour from norbixin (annatto) [55]. Lutein, a molecule which 
differs from zeaxanthin only in the location of the last double bond (Figure 5.2) is also 
responsible for yellow colour. Both kinds of molecules are present in deeply coloured 
vegetables such as spinach [58]. Both zeaxanthin and lutein collect in the macula region of 
the retina (the macula lutea, or 'yellow spot'), where their two-fold function is to filter out 
some of the blue light and ultraviolet radiation, to protect the retina against its constant 
exposure to light, and to scavenge free radicals. Macular degeneration is the most common 
form of blindness in the elderly, and zeaxanthin is nature's version of internal sun-glasses 
[58]. 
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Yellow pigments can also be obtained from flavonoids family, flavonols and flavones, e. g. 
quercetin (onion skins, tea and sumac), kaempferol (tea, indigo) [59], myricetin and fisetin 
(e. g., sumac), neoflavonoid berberine from barberry [55,60]. Most natural yellows in the 
plants occur as glycosides or esters of tannic acid. Gallotannins and ellagitannins are the 
hydrolysable form of tannins (e. g., sumac, aIjedari (debagh), dates, tea and pomegranate) 
[52,55] (Table 5.12). 
5.2.3 Blue Dyes 
Indigo and woad, both contained the same principal colouring matter, indigo can be found 
in the leaves of indigo plant, Indegofera inctoria. Flavonoids, with their principal subclass 
the anthocyanins give flowers and fruits their red to blue colours (e. g., delphinidin) [55]. 
5.2.4 Purple Dyes 
Originally, purple dye was made from huge numbers of the 'murex' shellfish, and used in 
Imperial Rome [61]. Only important and wealthy people were allowed to wear this colour 
and it became known as Imperial Purple. The anthocyanin malvidin can also produce 
purple colour. 
5.2.5 Green Dyes 
Chlorophyll is the green pigment used by plants for capturing light energy. Natural sources 
of chlorophyll are usually spinach, peas, stinging nettle, alfalfa or corn [55]. 
5.2.6 Black Dyes 
No colouring agent yields a perfect black; like white, black is a colour that does not exist in 
a pure form, except in imagination. Black absorbs all possible light and no paint or dye can 
quite achieve perfect absorption. Black pigments and dyes are made from very dark browns 
and blues [15]. In the 18th century black dyes were made based on indigo and the tinctorial 
woods logwood and sumac. 
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5.3 CHEMISTRY OF NATURAL COLOURANTS 
The plant dye groups considered to be most important are inclicatcd hclo\\! (\\ltli cxanipIcs 
of dyes and sources) [55,62,63]. 
A plant species will often contain several dyes and a particular dye may well be present *in 
other plant species than those used as the traditional source. This naturally occurring 
combination of dyes may be used or a particular dyc may be extracted 1`6r use alone. Table 
5.1 shows the main categories of natural dyes. 
Table 5.1: Classification of natural dyes 1621 
Dyes classes Compound type Colours 
Anthracenes Anthraquinone 
Naplithoquinone 
Red 
Brown, pLirpic-grey 
Carotenoids Carotene, lycopene 
Xanthophyll 
Yellow, orange, red 
Yellow 
Flavonoids Flavone 
Flavonol 
Anthocyanin 
Yellow 
Yellow 
Red, blue, purple, magenta 
Indigoids Indigo BlUe 
Porphyrins Chlorophylls Green 
Neoflavonoids Isoquitioline Yellow 
Tannins Gallotannin, ellagitannin Yellow, brown 
Benzopyrones Dihydropyran Purple, black 
5.3.1 Anthracenes 
The two major groups of the anthracenes are anthraqUinones and napthoquinolies 1551. 
5.3.1.1 a-41, droxytiaphthoquinones 
The most prominent members of this class of dyes are lawsone and juglone, which are 
shown in Figure 5.1. 'Fable 5.2 shows some examples of natural ot-hydroxyriaplithoclUirione 
dyes with their Cl number, Cl names and plant sources. 
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Table 5.2: Examples of natural alpha-hy(iroxyn,, ii)iitlio(iiiiiiotic dyes 1551 
Dye name Cla number CI name 
Lawsone 75480 Natural Orange 6 
Lapachol 75490 Natural Yellow 16 
Juglone 75500 Natural Brown 7 
Deoxysantalin 75510 Natural Red 22,23 
Alkannan 75520 Natural Red 20 
Alkanin or anchusin 75530 Natural Red 20 
Shikonin 75535 n. a. 
' Colour index, n. a.; not available 
5.3.1.2 Anthraquinones 
Natural source 
Lawsonia inermis 
Taigu or lapachol wood 
Walnut sliclis 
Sandelswood, barwood 
Anchusa lincloria 
Anchusa lincloria 
Lilhosperfinall 
Some of the most important red dyes are based on the ailthraquinone structure. They are 
obtained both from plants and insects [551. Table 5.3 lists sorne examples of' the key 
features of natural anthraquinone dyes. The chemical structures of some anthraquiriones are 
shown in Figure 5.1. 
Table 5.3: Examples of natural anthraquinone dyes 1551 
Dye name Cl number Cl name Natural source 
Alizarin 75330 Natural Red 649,10,11,12 Madder, chayroot 
Purpuroxanthin 75340 NatUral Red 8,16 Madder, rnurýjeet 
Rubuadin 75350 Natural Red 8,16 Madder, Gallitun 
Morindanigrin 75360 Natural Red 19 Alorbula umbellala 
Mun. listin or purpurin- 
xanthin-carboxylic acid 
75370 Natural Red 16,8 Madder, IIILIn. jeet 
Morindadiol 75380 Natural Red 18 Morinda root 
Sorajidiol 75390 Natural Red 18 Morinda root 
Chrysophanic acid 75400 Natural Red 23 TUrkey rhubarb 
Purpurin 75410 Natural Red 16,8 MLHýIeet, madder 
Pseudopurpurin 75420 Natural Red 14,9,8 Gallium, niadder 
Morindon 75430 Natural Red 19 6-ungkouýda_ 
Emodin 75440 Natural Green 2 Persiaii berries 
Laccaic acid 75450 Natural Red 25 Coccus laccue 
Kermesic acid 75460 NatUral Red 3 COCCUS ilici 
Carminic acid (cochineal) 75470 Natural Red 4 COCCUS Cacti 
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OH 
HO 
HO 
Lawsone Juglone 
0 
Alizarin 
COOH 
HO 
OH 
Canninic acid 
Emodin 
CH3 
Figure 5.1: Chemical Structures of a- hydroxy naphthoquinones and anthraquinones 
5.3.2 Carotenoids (Isoprenoids) 
These are a family of yellow and orange pigments found in most photosynthesi sing 
organisms. The colour is due to the presence of an extended conjugated system of double 
bonds. Over 200 naturally occurring carotenoids have been identified but only a few are 
commercially available, including P-carotene, P-apo-8'-carotenal and canthaxanthin. 
The carotenoid pigments are terpenoids based on a structure of 40 carbon atoms, and 
sometimes one or both ends of the carbon chain and an alicyclic group. Carotenoids are 
lipid soluble and, water insoluble except when very strong polar groups, such as 
polysaccharides, esterify the carotenoid backbone. A good example is crocetin glycosyl 
esters, dyes that give the colour to saffron stigmas [64]. The two major groups in the family 
are the carotenes (orange or red-orange) and the xanthophylls (yellow) [55]. 
5.3.2.1 Carotenes 
Carotene was first isolated as red crystals from carrots in 1831. It is closely related to 
vitamin A and generally occurs as a mixture of ot-, P- and y-carotene in the ratio 15: 85: 0.1. 
Carotenes can also be isolated from tomatoes in the form of lycopene [55]. 
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Lycopene 
Beta-carotene 
H 
HO 
Lutein 
OH 
HO 
Zeaxanthin 
OH 
0 
Capsanthin 
H 0 
OH 
HO 
6 Xanthophyll 
Figure 5.2: Chemical structures of carotenoids 
5.3. Z2 Xanthophylls 
These are oxygenated carotenes. Examples are - lutein (nettles, French marigolds), cis-bixin 
(annatto), crocin (saffron), capsicum (peppers) [55,64]. Figures 5.2 and 5.3 show the 
chemical structures of some of the carotenoids found in plants. 
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zýý 
0 
HO 
HO 
OH 
X -: - B-D-gentiobiosyl 
OR2 
0 
CH3 CH3 
CH20H 
0 
HO -Z-n- 
HO OH 
Y--: B-D-gluCoSyl 
Crocins (1: RI=R2=X; 2: RI=X, R2=Y, 3: R, =X, R2=H, 4: RI=Y, R2=H) 
and crocetin (R, =R2=H) 
Figure 5.3: Chemical structures of some crocin and crocetin carotenoids found in 
saffron stigmas 
5.3.3 Flavonoids 
The structure of the flavonoids is based on the flavonoid nucleus, which consists of three 
phenolic rings referred to as the A, B, and C rings (Figure 5.4). The benzene ring A is fused 
with a six-member ring (C), which in the 2-position carries a phenyl substituent. Ring C 
may be a heterocyclic pyran, which yields flavanols (catechins) (Figure 5.4) and 
anthocyanidins (Figurc 5.5), or pyronc, which yiclds flavonols, flavoncs, and flavanoncs 
(Figure 5.4) [65]. 
The oxidation state of the pyrone ring and the hydroxylation or methoxylation of ring (A) 
distinguish the various groups of flavonoids [66]. The three major groups are the flavones, 
flavonols and anthocyanidins; others include the anthocyanins, isoflavonoids, chalcones 
and aurones. 
In plants, they are relatively resistant to heat, oxygen, dryness, and moderate degrees of 
acidity but can be modified by light. Photostability of the flavonoid molecule depends on 
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the nature of the hydroxyl group attached to C-3 of ring C (Figure 5.4). The absence or 
glycosylation of this hydroxyl group results in high photostability ofthe molecule 165]. 
Table 5.4: Examples of natural flavonoid dyes 
Dye name CI number CI name Natural source 
Pratol 75570 Natural Yellow 10 Red clover 
Apigenin 75590 Natural Yellow 1,2 Greek chamorniles, weld 
Luteolin 75590 Natural Yellow 2 Dyers rocket, dyers 
wood 
Fulsugetin 75600 Garcinia spicata 
Gemstein or prunetol 75610 Dyers broom, 
Vreenweed 
Fisetin 75620 Natural Brown I Venetian SUrnac 
Datiscetin 75630 Natural Yellow 12 Hernp 
Kaempferol, trifolitin 
or indigo yellow 
75640 Natural Yellow 13,10 Natal indigo, dyers 
knotgrass 
Kaempferol-7-methyl 
ether 
75650 Natural Green 2 Sap green, Hungarian 
berries 
Morin 75660 Natural Yellow 8,11 Dyers mulberry, osage 
orange 
Quercetin, meletin or 
sophoretin 
75670 Natural Yellow 10, 
Natural Red I 
Persian, berries, Indian 
mahogany tree 
Isorhamnetin 75680 Natural Yellow 10 Red clover 
Rhamnetin 75690 Natural Yellow 13 Buckthorn 
Xanthorhamnin 75700 Natural Green 2, 
Natural Yellow 13 
Sap green, I lUngarian 
berries 
Rharrmazin 75710 Natural Yellow 13 Persian berries, dyers 
buckthorn 
Quercimeritrin 75720 Natural Yellow 10 Indian cotton 
Quercitron 75730 Natural Yellow 10 Qucrcitron bark 
Rutin 
- 
75740 
- 
Natural Yellow 10 Chinese berries 
Gossypetin ý5750 Natural Brown 5, 
Natural Yellow 10 
Indian cotton 
Flavonoids tend to absorb UV-B light very strongly and it is thOLIght that they may play a 
role in preventing clarnage to leaf tissues by ultraviolet radiation. They also attract insects 
such as pollinators sensitive to UV light by causing UV-rellecting patterns on flowers [551. 
Figure 5.4 and 5.5 show the chemical structures of the main flavonoid subclasses. 
202 
3' 
2' 
3 
2'04' 0 
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6e 3 OH 
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0 
OH 
Flavanols 
Catechin (2R, 3S) 5=7= 3'= 4'= OH 
Epigallocatechin (2P, 3R) 5=7= 3'= 4= OH 
Epicatechin gallate (2R, 3S) 5=7= 3'= 4ý-- OH, 3-gallic 
acid ester 
Epigallocatechin gallate (2R, 3R) 5=7=3=4'=5'= OH, 
3-gallic acid ester 
2' 4' 
58 0 
1 6' 
c( 
13 
OH 
5 
Flavones 
Apigenin 5=7=4'=OH 
Luteolin 5=7=3'=4'=OH 
c0 
0 
Isoflavones 
Flavonols 
Fisetin 7= Y= 4'= OH 
Kaempferol 5=7= 4'= OH 
Morin 5=7= T= 4'= OH 
Quercetin 5=7= Y= 4'= OH 
Myricetin 5=7= Y= 4'= Y= OH 
Gossypetin 5=7=8 =3'= 4'= OH 
Isorhamnetin 5=7= 4'= OH, Y= OCH:; 
Flavonol glycosides 
Rutin quercetin 3-0-glucoside 
e 
lIzzýý zýý, , AC 6' 
CIA 
lil: ý 
53 
Flavan 
B 
61 
0 
Flavanones 
(dihydroflavone) 
Figure 5.4: Chemical structures of the main flavonoid subclasses 
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5.3.3.1 Flavonols 
Flavonols tend to fade in strong light, flavones tend to be more permanent but paler in 
colour - quercetin, kaempferol and myricetin (many families); fisetin (fustic, nettles). Morin 
(fustic, osage-orange) can be used on leather, silk, wool and nylon when mordanted with 
chrome [55]. The major exploited source of quercitron is the inner bark of quercitron tree 
(Quercus tinctoria) but it is present also in horse chestnuts, onion skins, tea and sumac, and 
several other plants [5 5]. 
5.3.3.2 Flavones most of the natural yellow colours are hydroxy and methoxy derivatives 
of flavones and isotlavones. Luteolin was an important yellow dye and weld was cultivated 
for this use in much of northern Europe. A major use was the dyeing of gold braid. With the 
appropriate mordant (alum) on silk it is the most light-fast natural yellow. It is reputedly 
still used in parts of Europe for dyeing leather [55]. 
5.3.3.3 Flavanols 
Flavanols are polyphenolic compounds known as catechins, which constitute the main 
components of green tea. The six major catechins present in green tea and known to possess 
biological properties are (+)-catechin (C), (-)-epicatechin (EC), (-)-epigallocatechin (EGC), 
(-)-epicatechin gallate (ECG), (-)-epigallocatechin gallate (EGCG), and (-)-gallocatechin 
gallate (GCG) [67]. Figure 5.4 shows some of the polyphenolic catechins. 
5.3.3.4Anthocyanins 
They are all red, blue or violet dyes, which present in the cell sap of many flowers, fruits, 
stems and leaves (Table 5.5). The class, "Anthocyanins", consists of some 200 or more 
compounds [55]. The anthocyanins normally exist as glycosides; the aglycone component 
alone is extremely unstable [55]. 
The anthocyanins are water-soluble and are easily extracted into weakly acidic solution. 
However, anthocyanidins and anthocyanins are both sensitive to pH and this can restrict 
their use as colourants in certain situations, eg, in foods [55]. Table 5.5 lists the key features 
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of the common anthocyanins. FigUre 5.4 shows the chemical structures of' the common 
anthocyanins. 
Table 5.5: Key features of the common anthocyanins 
Anthocyanins CAS number E number Colour 
Pelargoniclin 8466-51-8 L 163) (d) Red brown 
Cyaniclin 28905-48-8 E163 (a) Red 
Delphiniclin 26984-07-6 E163 (b) Blue 
Peoniclin 26838-13-1 E 163 (e) Dark red 
Petuniclim 26984-08-7 E 163 (f) Dark red 
Malvidin 1329-33-: Purple 
Anthocyanidins 
3' 
Pelargoniurn 5= 7= 4' = 011 
0+ 
1 Cyaniclin 5=7= Y= 4'- 011 +I 0 5' Peoniclin 5=7= 4'= 011, T= OCI 1, 
) 
Delphiniclin 5=7= 3'= 4'= 011 
6 Petuniclin 57 4'= 5'ý 011, Y= OC' 13 
3 Oil Malvidin 57 4'= 011, Y= 5'= OC' 13 
Anthocyanins 
Cyanidin 33-glucosidc 
Cyanidin 3-rutitioside 
Figure 5.5: Chemical Structures of anthocyanidins and anthocyanins 
5.3.3.5 Minor Flavonoii-A 
Chalcones - examples are coreopsidoside and mareoside (daisy family) 1551. 
Aurones - an example is sulphUroside (fustic, daisy farnily). 
Isotlavones- tend to produce strong, permanent colours [551- ggenistein 
(pea family), osa. lin 
and porniferin from osage-orange (Maclurapoinýkra) 
Figure 5.6 shows tile chemical structures of chalcones and aurones. 
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Figure 5.6: Chemical structures of chalcones and aurones 
53.4 Dihyropyrans 
These are closely related to flavones (Figure 5.7). The most important dyes are haernatin 
and haernotoxylin, which are the principal dyes found in logwood, used traditionally in 
Mexico, and Central America to dye textiles blue. Logwood is used in the leather industry 
for tanning and dyeing [55]. 
OH 
DH HO 
HO 
Figure 5.7: Chemical structures of dihydropyran and hydroxycinnamic acids 
5.3.5 Betacyanins (betalains) 
These red dyes and the related group the betaxanthins (yellows) were thought to be 
flavonoids but differ in that they contain nitrogen and do not change colour reversibly in 
the same way as anthocyanins do to pH. They are glycosylated as are the anthocyanins [55]. 
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R2 
Hydroxycinnamic acids 
RI=OH, R, =OH: caffeic acid Dihydropyran 
Apparently they are only present in a few families of the Chenopodiacae, such as the beet 
and prickly pear. Betanin is an extract from the red beet (Beta vulgaris) (Figure 5.8) that is 
used mainly as a food colouring [55]. 
R ) 
'T HO N+ C02H 
R= Glucose 
CH3 
H02C N C02H 
H 
Betanin 
OCH3 
Berberin 
Figure 5.8: Chemical structures of betanin (beetroots) and berberin (barberry) 
53.6 Flavins 
Flavins are very common in living organisms, riboflavin and two of its derivatives being 
the three most common. Riboflavin (e. g., in banana) is a yellow dye closely related to 
vitamin B2 and used for colouring food [55]. The chemical structure of riboflavin is shown 
in Figure 5.11. 
53.7 Tannins 
Tannins are present in most plant tissues but arc especially associated with damaged tissues 
and with bark. They are produced from the flavonoids, especially the anthocyanins, when 
tissues break down. Most natural yellows occur in the plant as glycosides or esters of tannic 
acid [55]. 
Tannins are astringent, bitter-tasting plant polyphenols that bind and precipitate proteins 
[681. The term tannin refers to the source of tannins used in tanning animal hides into 
leather; however, the term is applied to any large polyphenolic compound containing 
suflicicnt hydroxyls and other suitable groups (such as carboxyls) to form strong 
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complexes with proteins and other macromolecules. Tannins have molecular weights 
ranging from 500 to over 20,000 [69]. Tannins are usually divided into hydrolysable 
tannins and condcnsed tannins [69]. 
5.3.7.1 Hydrolysed tannins 
At the ccntre of a hydrolysable tannin molecule, there is a polyol carbohydrate (usually D- 
glucose). The hydroxyl groups of the carbohydrate are partially or totally esterified with 
phenolic groups such as gallic acid (in gallotannins) or ellagic acid (in ellagitannins e. g., 
sumac, Rhus tripartila) [69]. Hydrolysable tannins (yellowish colours) are hydrolysed by 
N%, cak acids or N%, cak bases to produce carbohydrate and phenolic acids. Hydrolysable 
tannins are water soluble. Punicalagins is the major component of hydrolysable tannins in 
pomegranate [69]. 
5: ý;, 
RIO,, 
0 
OH 
OH 
HO 
Hydrolysable tannins (e. g. gallic acid derivatives) 
R, =glucosc: monogalloyl-glucose 
OH 
OH = 
HO y*-11 1-**ý) 
OH 
OH 
'ý4'OH 
OH 
5, 
zýN 
OH 
OH 
Condensed tannins 
(e. g. procyanidin B3) 
Figure 5.9: Chemical structures of hydrolysable and condensed tannins 
S. 3.7.2 Condensed tannins 
Condensed tannins, also known as proanthocyanidins, are polymers of 2 to 50 (or more) 
flavonoid units that arc joined by carbon-carbon bonds, which are not susceptible to being 
cleaved by hydrolysis [69]. Several studies reported that condensed tannins are responsible 
for the anti-herbviorc defence of plants [68]. Most condensed tannins (reddish colours) are 
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water soluble; some very large condensed tannins are insoluble. Prodelphinidin is a type of 
proanthocyanidins which present in tea leaves as a condensed tannins [69]. Examples of 
condensed and hydrolysable, tannins are shown in Figure 5.9. The phenolic compound 
caffeic acid derivative of hydroxycinnamic acid is shown in Figure 5.7. 
53.8 Tetrapyrroles (Porphyrins) 
Chlorophylls from green leafy vegetables and hemes in meats [55,64] are examples of 
porphyrins. Chlorophylls a and b (Figure 5.10) is the major pigment used by plants for 
capturing light energy. 
I 
C02CH3 
I-I 
112C=CH 
'H2COOC2oH39 
Chlorophyll aR= CH3 
Chlorophyll bR= CHO 
Figure 5.10: Chemical structures of Chlorophylls from Spinach 
5.3.9 Phycobilins 
These are accessory pigments used in capturing light energy by red algae and cyanobacteria. 
Three of the four known phycobilins are involved in photosynthesis-phycoerythrin 
(phycoerythrobilin), phycocyanin (phycocyanobilin) and allophycocyanin 
(allophycocyanobilin). In structure they are similar to the chlorophylls but are linked to a 
protein. Phycobiliproteins appear as red or blue pigments and are being investigated as 
possible colourants for foods and cosmetics. The fourth phycobiliprotein is phytochrome, 
which also is very important in higher plants as a light receptor, especially in plant 
development [55]. 
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53.10 Indigoid 
The two most important dyes in this group are Tyrian purple, derived from the molluscs 
Afurex trunculus, At brandaris and Purpura lapillus, and indigo. The main dye chemical in 
Tyrian purple is 6,6-dibromoindigo; the natural source is not used now because of the 
large number of shellfish needed to Produce even a small amount of the dye and because of 
the relative scarcity of the shellfish [55]. 
Indigo is known to be present in a small number of plants; indigo (Indigofera fictorld), 
woad (Isalis lincloria) and other species. The synthetic product is known as Cl Vat Blue, 
Cl number 73000, the natural product as Cl Natural Blue 1, CI number 75780. The colour 
produced by the two products differs slightly because natural indigo also contains other dye 
chemicals (such as indirubin, indigo brown, indigo gluten and indigo yellow) [55]. Figure 
5.11 shows the chemical structures of indigo. 
H0 5H 1104 
N H3C N NfýýO 
N 
C) 
NH 
H H3 N 
00 
Indigo Riboflavin 
Figure 5.11: Chemical structures of indigo and riboflavin 
5.3.11 Other dyes include the diaroylmethane curcumin (from turmeric) (Figure 5.12), 
the saponins (from fenugreek and zizyphus) (Figure 5.13) and the neoflavonoid berberine 
(from barberry) (Figure 5.8) [55]. 
OH 
CH3 ooý OCH3 
HO 
Cy 
OH 0 Curcumin 
Figure 5.12: Chemical structure of turmeric (Curcuma longa) 
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Figure 5.13: Chemical structure of some saponins found in zizyphusjujube 
53.12 Lichens and fungi 
Lichens are composite organisms of fungi and algae, and have long been used for dyeing 
textiles [55]. The colour obtained from the dye-bearing lichens range from oranges, yellows 
and browns to reds, pinks and purples. They tend to grow slowly and only in unpolluted 
conditions, so their use on a large-scale for dyes would not seem to be ecologically 
desirable or sustainable. However, their dyes are substantive, extremely fast to light, 
washing and salt water, and generally requires short, simple extraction processes [55]. 
Little seems to be known about the dyes present in or produced by lichens and fungi [55]. 
5.4 METHODS OF ANALYSIS AND IDENTIFICATION OF NATURAL DYES IN 
ARCHEOLOGICAL AND PRESENT TEXTILES 
Various methods have been applied in identification and analysis of natural dyes on 
archeological textiles [12-14,70-72]. The principle techniques used were electronic 
absorption spectroscopy, cyclic voltarnmetry (CV), thin layer chromatography (TLC) and 
reversed-phase HPLC with diode-array UV-Vis spectrophotometric detection [70]. In 
211 
addition, the type of metals present as mordants to the dyes were identified by energy 
dispersive analysis by X-ray (EDAX). 
5.5 METHODS OF COLOUR ASSESSMENTS 
Reflectance spectrophotorncter and tristumulus colorimeter [73,74] were used in 
assessment of colour difference of values of natural dyed fabrics were also determined [3, 
16,43,45,54,75]. The fastness properties of cotton and wool fabrics dyed with natural 
dyes were determined [1,31,76,77]. 
Other methods available for the assessment of colour change are the Standard Blue Scale, 
the Standard Gray Scale and the Sun Test (solar light) [3,8,27]. 
5.6 TYPES OF TEX"FILE FABRIC 
Most fabrics are constructed from yams which, in turn, are made from fibres. Over 
thousands of years humans have leamt to twist fibres together to form yams. Natural fibres 
come in various lengths, and this is often referred to as staple length. Synthetic fibres are 
manufactured in continuous lengths, known as filaments [78]. The filaments can then be cut 
up as required into shorter lengths- this is also known as staple length. The flow chart in 
Figure 5.14 shows the origin of some fibres. 
5.6.1 Types of Dyes According to Application to Textile Dyeing 
Natural dyes fall into three main categories according to application [27]: 
Substantive dyes are those that do not need a mordant to bind the dye to the fibre, such as 
cutch. There are relatively few substantive dyes. 
Additive dyes, or mordant dyes, need a mordant in order for the dye to bond with fibre, 
such as madder, cochineal and weld. This is the most common type of dye. 
Vat dyes form the third category and include indigo and woad. These dyes are insoluble in 
water, and need to be dissolved in a vat with alkalis. Oxygen is removed by a chemical 
process called reduction. On contact with air (oxidation), the dyes become stable soluble 
compounds. 
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5.6.2 Textile Fabrics 
Cotton, linen, flax, sisal and ramie are vegetable cellulose fibres. Wool, leather, and silk are, 
of course, animal fibres. Figure 5.14 shows classification and sources of synthetic and 
natural fibres with some examples. 
SAZI Anintal Fibres 
SILK - silk is a natural protein fibre (Figure 5.15) made from the cocoons of silk worm 
caterpillar Bombj,,. r mori, which only feeds on the white mulberry tree, Morus alba [78]. It 
consists of the solidified viscous fluid excreted from special glands in the silk worm. 
It is only made on one occasion by the worm during its life-cycle for the purpose of 
protection whilst it is in the chrysalis state [79]. The long fibres of the cocoons are 
unwound and spun into threads. 
Silk posses nearly all the desirable properties of a textile fibre: strength, elasticity, softness, 
and affinity [79]. Silk is the strongest natural fibre. A steel filament of the same diameter as 
silk will break before a filament of silk [80]. Silk absorbs colour well, but needs to be 
treated with care [27]. 
Silks can be cultivated or wild [27]. Wild silks are produced by a number of 
undomesticated silkworms. The term wild implies that these silkworms are not capable of 
being domesticated and artificially cultivated like the mulberry worms [811. Aside from 
differences in colours and textures, they all differ in one major respect from the 
domesticated varieties. The cocoons, which are gathered in the wild, have usually already 
been chewed through by the pupa or silkworm before the cocoons are gathered and thus the 
single thread, which makes up the cocoon, has been cut into shorter lengths [81 ]. 
The shimmering appearance, for which silk is prized, comes from the fibres' triangular 
prism-like structure, which allows silk cloth to refract incoming light at different angles 
[81]. 
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Fibre 
Nylon 
- Polyester 
Synthetic from 
petrochemmicals 
- Acrylic 
I PVC 
Man-made Regenerated from 
fibres natural materials - Viscose 
Metals Tinsel thread 
Glass fibre 
Mineral 
- SilicatesESIag fibre 
- Sheep wool 
Mohair 
Animal hair - Goat hair _ECashmere 
Animal fibres Vicuna 
Silk 
- Camel hair -EAlpaca 
Natural 
fibres M ineral fibres Asbestos 
- Sisal and hemp 
- Cotton and kapok 
-Plant fibres 
- Coir 
- Flax 
Figure 5.14: Synthetic and natural sources of fibres [781 
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Figure 5.15: Chemical structure of protein fibre 
Silk fabric types vary in weight and different textures, from rough wild silks such as tussah, 
to strong hard-wearing twills, which recognized by the tiny diagonal rib in the weave. 
Smooth high shine satin has a luxurious quality. Pongee silk has a nice smooth finish with a 
soft sheen. This silk can also be called habutai or Japanese silk. Other variety are also 
available, e. g. paj silk [82], silk georgette, organza silk, eri silk [33], wild silk, mulberry 
silk [6], cr8pe de shine silk and velvet silk [81,83]. 
Terms and weight ofsilkfabrics 
The standard Chinese term for the weight of silk is a mommi, which is abbreviated to mm 
and refers to the number of silk threads per millimetre. A silk referred to as a5 mm has 
been woven with 5 threads per millimetre, whereas a silk with a weight of 12 mm has 12 
threads per millimetre and is a much heavier fabric [82]. 
Guide to weights and types of silkfabrics 
3.5 mm =a very light silk like a chiffon or mousseline silk. 
5 mm =a lightweight silk like a paj or pongee silk. 
8 mm = medium weight silk like a habotai, crepe de chine or georgette silk. 
12 mm and over = heavyweight silk like a satin, dupion, or taffeta. 
5.6. Z2 Cellulosic Fibres 
Vegetable fibres are made up of cellulose, the most abundant of all organic polymers, 
natural or otherwise; cellulose is a linear polymer of glucose molecules (Figure 5.16). The 
main plant fibres that are used in the textile industry are cotton, linen, jute, hemp and ramie. 
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All have their particular characteristics [27]. Vegetable fibres take longer than animal fibres 
to prepare and dye because of the cellular structure of the fibre. The presence of -OH 
groups, the size and configuration of the glucose units, are of great importance in the 
physics and chemistry of cotton dyeing, since the three hydroxyl groups of each hexose unit 
can be acetylated to produce cellulose triacetate [84]. 
Ho%ý OH 
H\ -u 
oHkH I 0 
XC 
H 
0'. 
" 
CM 
ýý 
H 
[-Glucose unit d 
OH 
Figure 5.16: The structure of cellulosic fibres 
Cotton - The principal clothing fibre of the world [80]. A cellulose fibre consisting of 
unicellular hairs attached to the seed of the cotton plant Gossypium spp. The normal colour 
of cotton is light to dark cream, and its chemical composition is almost pure cellulose. A 
distinct feature of the mature fibre is its spirality or twist. In fabrics, cotton makes for 
strong, versatile, cool-wearing, soft and comfortable garments [27,84]. Brushed cotton 
twill [85] was used in this study. Brushed cotton is knit or woven fabrics cotton. The result 
is a flannel-like texture. Cotton twill is a family of fabrics with a twill weave, including 
denim, gabardine, drill and chino. Distinguished by its diagonal stripes, it has a moderately 
stiff drape. It is strong and does not tear easily, which makes it an ideal choice for uniforms 
and work wear. Sews easily (although it is a bit bulky), but won't hold a crease very well 
5.6. Z 3 Man-Made Fibres 
w Synthetic from petrochemicals (nylon, polyester, acrylic, PVC) 
0 Regenerated from natural materials (viscose) 
a Minerals 
1. Metals (tinsel & thread) 
2. Silicates (glass fibre & slag fibre) 
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Synthetic Fibres 
The three important synthetic fibres are polyarnicle, polyester and poly acrylic 1841. 
Satin- a weave with wide and regularly spaced threads, resulting in a smooth, shiny side 
and a dull back. A satin-woven fabric tends to have a high lustre due to the high number of 
floats on the fabric. Floats are missed interlacings, where, the wrap yarn lays on top of the 
weft yarn, or vice versa. The floats tend to make the fabric look glossier as well as give it a 
'smoother hand' in most cases. 
F-- 
O. CH-,. CH,. O. CO 
oco. 
o. cill. cill. o. co 
I 
oclo 
(tereplithalic acid/ethyleneglycol polymer) 
Figure 5.17: The structure of polyester fibre 
If a fabric is formed with a satin weave using filament fibres such as silk, nylon, or 
polyester, the corresponding fabric is termed a satin. Ifthe yarns used are short-staple yarns 
such as cotton, the fabric is considered sateen [86]. 
Table 5.6: Textile fibres affinity 1871 
Hydrophilic Fibres 
Cellulosic fibres 
a) N atUral -cotton, linen 
b) Regenerated-viscose rayon 
Protein fibres 
a) Natural-wool, cashmere 
b) Regenerated-casein 
Hydrophobic Fibres 
Regenerated- fibres 
Cellulose acetate, cellulose triacetate 
Synthetic fibres 
Polyarnide, polyester, polyacrylonitrile 
Shimmer Satin (75% rayon, 25% polyester) [861 was used in this study. Rayon is a 
manufactured fibre composed of regenerated cellulose, derived from wood pulp, cotton 
linters, or other vegetable matter. Today, various narnes for rayon fibres are taken from 
different manufacturing processes. Viscose is most common type of' rayon. It is produced 
in much greater quantity than cuprammoniurn rayon, tile other commercial type. An 
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example of polyester fibre is shown in Figure 5.17. The affinity of' Icxtile fibres toward 
water is classified in Table 5.6. 
5.7 MORDANTS 
Natural dyes are not substantive, requiring a mordant to fix to the fabric, and prevent the 
colour from either fading with exposure to light or washing Out. These Compounds bind the 
natural dyes to the fabric. Mordants can also determine how the dye rcacts to the fibre, 
resulting in several colours [27]. Mordants can be applied before dyeing (pre-morclanting), 
dUring the dyeing process (one-bath method) or after dyeing (post- mordant). 
Mordants help binding dyes to fabric by forming a chernical bridge fl'orn dye to fibrc, thus 
improving the staining ability of a dye along with increasing its fastriess properties. 
Mordants form insoluble compounds of the dye within the fibre. 
Table 5.7: Mordant metal types 
Common Chemical name Colour effect 
Colour of Type 
name crystals 
Alum Potassium aluminiurn Keeps colour pure White Pre-niordant 
sulphate/or potash alurn 
Chrome Potassium dichromate Gives golden Orange Pre-mordant/ 
yellow/orange one-bath 
shades 
Copper Copper sulPhate Sadden the colour Turquoise Pre-rnordant/ 
but softer, duller, after-mordant 
less intense 
I ron Ferrous sulphate Sadden colour Green A fter mordant 
(dark shades) 
Tin Stannous cliForide Brighten COlOUI- White Pre-niordant/ 
after-mordant 
Tannic acid Gallic acid derivatives Tanning Yellow Pre-mordant 
5.7.1 Metallic Mordants 
Metal salts of alurnimum, chromium, iron, copper and On are used. Two of the best are 
aluminUrn and iron. AlurnillUrn brightens dyes, while fixing the colour. Iron fixes the colour 
and darkens it. Iron has a tendency to turn many yellow dyes green. Grey-black colour can 
be produced from plant dyes morclanted with iron [441. The types of' metal mordants and 
their characters are shown in Table 5.7. 
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5.7.2 Plant Mordants 
Plants are a useful source of natural mordants 127,691. Oxalic acid IS I'01.111d llatLlrallý' ill 
rhubarb leaves (Rheum species), alurn is found in clubmoss (Lycopo(limn sehýiýo) and 
tannin is found in many plant species e. g., oak galls (frorn the QLIeI-CUS Species), 
punicalagins frorn pomegranate, tea, cutch and surnac [27,44,691. Rhu"; Irilml-fila (al. jedary 
or debagh) is used as mordant tannin in leather industry in Libya. 
5.7.3 Oil Mordants 
Oil mordants are used mainly in the clyeing ol"Furkey red C01OUr from madder. The main 
function of the oil mordant is to form a complex with aILIM used as the main mordant. The 
sulphonated oil, which possesses better metal binding capacity than tile natural oils due to 
the presence of sulphonic acid groups, binds to metal ions forming a complex with tile dye 
to give superior fastness and hue [44]. 
5.7.4 Mordant Assistants 
Assistants combine with the mordant and help the dye to attach itself' to the I ibre in a more 
permanent state, as well as allowing for less mordant to be used. Table 5.8 shows sorne of' 
the mordant assistants with their COIOUr effects [27]. 
Table 5.8: Mordant assistants 
Common name Colour effect 
Acetic acid Used with copper to improve its absorption and efficiency, and allows 
smaller amounts of copper to be used with bcttcr results 
Cream of tartar Brighten colours and improves the absorption ol'the alum mordant on 
animal fibres and helps keep wool soft 
Formic acid Used in conjunction with chrome, helps chrome bond with wool and 
enables a more efficient take Lip OftlIC mordant 
Oxalic acid Used in conjunction with tin to give better results, it ensures ail 
efficient take up and prew rits superficialfixingof mordant 
Sodium carbonate - Combined with alum to increase the alkalinity and facilitate absorption 
Sodiurn Used to remove the oxygen frorn indigo and woad vats 
hydrosulphite 
Sodium Used with vegetable fibres treated with alum. It clears the fibre of 
phosphate surplus, unattached alurn 
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5.8 BONDING 
Natural dyes work best with natural fibres such as cotton, linen, wool, silk, jute, ramie and 
sisal. Among these, wool takes up dyes most easily followed by cotton, linen, silk and then 
the coarse fibres such as sisal and jute. Nearly all of them require some sort of a mordant 
[44]. 
5.8.1 Mechanism of Bonding 
Dyeing is in general carried out in aqueous solution. The chemistry of bonding of dyes to 
fibres is complex. The process of attachment of the dye molecule to the fibre is one of 
adsorption [84]. It involves direct bonding, by ionic forces (hydrophobic interactions), H- 
bonds, covalent linkages and 'Van der Waal' forces. The presence of certain functional 
groups in suitable positions in the dye molecule causes its coordination [88]. Figure 5.18 
shows the coordination complex between the fibre mordant and dye, as when alizarin binds 
to cotton. 
Cotton I 
Aluminium mordant 
\ 
Al 
Alizarin HO 
Figure 5.18: Formation of a coordinate complex between the cotton fibre and alizarin 
5.8.1.1 Ionic Forces 
As the name implies, ionic forces are the mutual interactions between positive centres in a 
fibre and negative centres in a dye molecule and between negative fibre sites and positive 
centres in a dye molecule [84]. A free amino group and a free carboxyl group in silk may 
be represented (Figure 5.19) thus: 
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0 
11 
-+ fibre - Co ------- H3N - dye 
+ 
fibre -NH3 ------- 03S-dye 
Figure 5.19: Formation of ionic attraction between the dye and fibre 
5.8.1.2 Hydrogen Bonding 
Result from the acceptance by a covalently bound hydrogen atom of a lone pair of electrons 
from an electron donor atom. The fibres made of proteins, such as wool, silk, and man- 
made fibres retain the dye through hydrogen bonding between the polypeptide linkages and 
the dye [84]. An example of alizarin is given in Figure 5.20 to show the nature of bonding 
with synthetic fibre, which also has peptide linkages [44]. 
>ýo 
CH2 
/CH 2 H2C \ 
CH 2 
CH 
\2 
N-H 0 
OH 
OH 
0 
/CH2 H2C\ 
N-H 
0 
CH2 
H2C 
Figure 5.20: Hydrogen bonded dye interaction with the fibre [441 
This is not thought probable with cellulose, since the attachment through hydrogen bonding 
of water molecules of the amorphous areas of the fibre is such that the dye molecule is not 
able to displace these water molecules [84]. 
221 
5.8.1.3 Van der Waals 
Van der Waals is weak intermolecular attractions between nonpolar molecules. They are 
especially effective if the dye molecule is linear and if it has a large surface area to interact 
with the surface to be dyed, especially, when dye and fibre both contain alkyl or aryl groups 
as is the case with certain wool dyes and with the majority of polyester dyes [84]. 
5.8.1.4 Covalent Linkages 
Covalent linkages are actual chemical bonds between dye and substrate molecules. They 
are brought about by chemical reaction between a reactive dye molecule and, for example, 
a hydroxyl group of a cotton fibre [84] as shown in Figure 5.21. 
Dye IN cl 
N ,! 5 N+ 
HO-cellulose 
T 
cl 
aqueous Dye 0-cellulose 
alkali N !: ý N T 
cl Figure 5.21: Formation of covalent bonding between the dye and the fibre 
5.9 SELECTION OF PLANT SOURCES 
In this work, to keep transportation to a minimum, a study of plant sources available in the 
moderate climate of England and Libya was undertaken. The number of possible plant 
sources was reduced by rigorous selection considering the main aspects given in Table 5.9. 
A general overview of the dyestuff production and dyeing step is given in Figure 5.22. 
The extraction of the dyestuffs had to be performed by a simple aqueous extraction. The 
use of chemicals or non-aqueous solvents for improvement of the dyestuff extraction was 
excluded to maintain the possibility for further use of the extracted residue, e. g., as fertilizer 
or as animal feed. 
Relatively simple equipments were used and simple experimental procedures were applied 
to permit a primary extraction with inexpensive apparatus near the site of harvesting to 
avoid long-distance transportation of the bulk of the plant materials. 
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For the first selection, literature information was used to generatc a basic set of' dyes 
containing a yellow, green, brown, red, blue and black shade ITable 5.10 and TabIcs 5.14- 
5.181. The dyes had to be applicable with iron or alum mordants. Dyeing with tile use of' 
mordants such as Co, Sn or Cr salts will cause problems with the effluents released from 
the dyeing process because of the wastewater limits defined I'Or the concentrations ofheavy 
metals. Such mordants were, therefore, not used in this research. In this study only 
ecoffiendly mordants such as alurn and iron were used as mordants. 
Table 5.9: The main requirements for a basic set of natural dyes 171 
Agricultural demands 
Reasonable requirements for production and harvesting of the plant materials 
Easy handling and storage of raw materials 
High dyestuff content 
Easy extraction with water 
Requirements defined by a technical dyehouse 
Simple and rapid dyeing process, no intermediate drying steps. 
Broad range of shades formed by a basic set ofbrilliant dyes, Including dark shades 
(black) 
Easy correction of deviations in colour depth and shades 
Acceptable fastness properties 
Applicability in dyeing machines in use today 
Observance of existing waste water limits, e. g., heavy metals 
No use of mordants based upon Co, Sn, or Cr salts 
Bio-degradability of dyes and non-allergic potential ofdyed material 
Non-toxic properties of dyes and non-allergic potential ot'dyed material 
C0IISLIMpti0II of chemicals and energy comparable or lower than the current state ofthe 
art systems based upon synthetic dyestuffs 
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Agricultural production of plant material 
easy to harvest and handle 
simple storage 
Hot water extraction 
no chemicals added 
no organic solvents 
Residual plant material for further use as 
animal feed or soil conditioner 
Aqueous dyestuff solution 
(Formation of a deliverable solid or liquid product) 
Dyeing process 
mordanting 
technical requirements 
Wastewater containing minimum chemical load 
Dyed product 
(released to wastewater treatment plant) 
broad range of shades 
acceptable fastness properties 
Figure 5.22: Dyestuff extraction and dyeing step 171 
The natural source and identified main colouring components of the plants used in dyeing 
the textile fabrics in this study were compiled in Table 5.10 and 5.11. Table 5.12 
summarises some literature studies of the natural dyes used for textile dyeing in this 
investigation. 
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Table 5.11: A summary of molecular groups of the studied natui-al dyes 
Molecular groups Plants 
Flavonolds Apple, banana, blackberry, blackcurrant, black tea, blueberry, 
cabbage (red), chcrry, cutch, dates, eggplant, c1derflower, 
grapes, green tea, kiwi, kUniquats, lemon, lychee, orange, 
mulberry, onion (brown), onion (red), pcpper, pomegranate, 
raspberry, roselle, spi iach strawberry, surnac, tomato, weld 
Carotenoids Banana, kiwi, kuniquats, mango, orange, lcppcr, saffron, 
tomato 
Anthraquinones and 
naphthoquinones 
Henna, madder, cochincal 
Betalains Beetroot, dates, prickly pears 
Hydrolysable and 
condensed tannins 
Al-jedari, black tea, cloves, cutch, grapes, pomegranate, 
surnac 
Isoquinolines Barberry 
Flavins Banana, kumqLiats, raspberry 
Diferuloylmethanes Turmeric 
Indigoids Indigo 
Porphyrins Spinach, geramurn, vine leaves 
Methylxanthines Coffee 
Hydroxycinnarnic acids Apple, dates 
Saponins Fenugreek, zizyplius 
5.10 EXPERIMENTAL 
5.10.1 Plant Material and Extraction 
Classification of the plants used in clyeing the textile fabrics in this study is given in Table 
5.13, with their common and botanical nanies and the part of the plarlt Used in dyelilg tile 
fabric materials. While part ofthe plants will be produced by farming, others, for example, 
barks are by-products from the wood processing where bark is removed prior to sawing. 
In many cases, several components ofthe plant were used, illClUding Icavcs and I'I*LlitS (e. g. 
grapes), seed fruit and rinds (e. g. pomegranate), and dil'I'erent kinds ol' plant species (c. -I-1, 
onion, coffee, tea). The dyes used in this study can be classified as: 
Fruits: apple, banana, barberry, blackberry, blackcurrant, blUeberry, cherry, dates, grapes, 
kiwi, kumquats, passion fruits, plurn, pornegranate, prickly pears, lychec, mango, mulbury, 
orange, raspberry, strawberry, zizyplius. 
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Table 5.12: Some literature studies of the natural colourants used for textile dycing 
Natural colourants Textile fabric Mordant References 
Barberry n. i. Alum, FeSO, j 171 
Wool FeSO. j, CUS0,1, K, Cr'07, 1231 
aluin 
Acrylic fibre n. i. 
Chlorophyll Wool, cotton Alum, FeS0.1, 1761 
KNaC. jI 
1406. 
Cochineal (carmine) Wool Alum, CaC1, [121 
Wool AIL1111, FeSO. j [141 
Wool, cotton KNa C41 1,40(,. 411,0 1761 
Wool, nylon 6 n. 1. 11311 
Curcurnin Wool Alurn 181 
Wool 11. i. [451 
Wool A11.1111, FeSO, j 1771 
Silk (mulberry) 11. i. [1321 
Silk 11. i. It 331 
Cutch Jute Fibres Alurn, CLIS04, K, Cr2-()7 1191 
Wool, cotton Metal salts 1271 
Wool Tannin based 1461 
Henna Wool Alurn, FeS04 1141 
Nylon 6,6 fabrics, Organ ic/inorganic mordants [291 
cotton, wool, 
viscose rayon, silk 
Nylon 6.6 Inorganic mordants [381 
Silk (mulberry) 11. i. [1321 
Wool, nylon 6.6 
K2Cr2O7 [134] 
Indigo (woad) Cotton yarn Alurn, (NaS204/ NaOt 1)* [31 
Wool Alurn, FeS04 [141 
Jute Fibres Alum, CUS04, KCr2.07 [191 
Silk (mulberry) n. 1. [132] 
Madder (alizarin) Cotton, wool, silk _ 11. i. [11 
Cotton yarn Alurn 13,541 
Wool Alum 18,541 
Wool Alum, CaCk [121 
Wool Alurn, FcSO. j 1141 
Wool, nylon 6 n. i. [1311 
Pomegranate Silk 11351 
_ Roselle 11.1. n. i. [136] 
- Saffron Wool Alum, FeS04 [77] 
jannins Wool Alum, FeS04 14 
Tea Cotton and j Lite Alum, FeS04, 
CUS04, 1161 
(Lung Chinese tea Wool 11. i. [201 
waste) 
Weld Cotton yarn Alurn 13,541 
Wool Alum 18,541 
Wool Alum, FeSO', 1141 
n. i., not indicated or not informed, alurn: Al (NH3) (SO, 03; potassium SOdiUrn tartarate, KNaC, jl 1., 0,,. 
4H-, O; * as vat bath for indigo 
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Vegetables: beetroot, cabbage (red), carrot, eggplant, lemon, onion (brown), onion (red), 
pepper, spinach, and tomato. 
Spices: cloves, fenugreek, saffron, sumac, and turmeric 
Herbal teas and coffee: black tea, green tea, coffee (Arabic), coffee (espresso), coffee 
(green beans), and roselle (karkade). 
Herbal plants: aijedari, cutch, elderflower, geranium, henna, indigo, madder, weld, vine 
leaves. 
Insect: cochineal beetles (dried) 
Before extraction of the dyestuffs, the plant materials were crushed and ground to pieces of 
about 1-5 mm. The dyestuff was then extracted with boiling water by applying a bath liquor 
ratio of plant pigment as indicated in Table 5.13. The duration of the extraction was fixed at 
60 minutes. The insoluble residue was separated by sedimentation and filtration through a 
stainless steel filter fabric (0.3 mm mesh). The resulting extract was used for the dyeing 
experiments. Plates 5.1-5.3 show the extraction process of some samples of the plant 
materials. 
5.10.2 Chemicals and Reagents 
Aluminum ammonium sulphate (alum) [Al (NH4) (S04)2.12 H20] and iron (11) suýphate 
[FeS04.7 H201 were used as mordants. Soap powder Ariel Gold Plus (15-30 % phosphates, 
5-15 % anionic surfactants, oxygen based bleaching agents, < 5% cationic surfactants, 
nonionic surfactants, polycarboxylates, enzymes) was used as a soap detergent. Distilled 
water was used in extraction and for preparation of all chemical solutions. Deionised water 
was used for the dyeing process. 
5.10.3 Fabric Materials 
Fabric samples 15 x 12 cm of paj silk, crystallized shimmering satin and brushed cotton 
twill were used for each dyeing experiment. For display, fabric samples were cut into 4.5 x 
2 cm strips. The paj silk fabric was purchased from a local fabric store at Uxbridge, while 
cotton and satin were obtained from a commercial source in Tripoli, Libya. 
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Table 5.13: Classification of the plants used in dycing tile textile 1,11brics in this Study 
Common name/ 
part used) 
Latin name Family name 11,101 
r. 'Itio 
(g/1001111) 
Aijedari (barks) Rhus Iripurfila Awicardiaceae 00 
Apple (skins) PJ71-us Malus Rosaccue 04 
Banana (Skins) Musa paradisiaca Musaceae 08 
Barberry (berries) Berberis vulgaris Berberidaceac 10 
_ Beetroot (roots) Beta vidgaris ChelloI)o(fiaccae 30 
Blackberry (berries) Rubusfiructicosus Rosuccae 10 
Blackcurrant (berries) Ribes nigrum Gross idariaceae io 
_ Black tea (leaves) Camellia sinensis 7heaceae 04 
_ Blueberry (berries) Vaccinhun myrfillis Ericaceue 60 
Cabbage (leaves) Brassica oleracea Brassicuceae 23 
_ Clierry (berries) Prunes avi . UM Rosaccae 
-10 _ Cloves (flower buds) Eugenia caryphYllus Mvi-faceae 
__04_ Coffee (beans) fee urabica Cqf Rubiaceae 04 
Cutch (heartwood) Acacia catechu Afitnoseae 03 
- Dates (frults) Phoenix daclylýfýru Palmae 12 
Eggplant (skins) Solunian inelongena Solanaceae 25 
Geranium (leaves) Pelargoniuni sp. Geranaceae 04 
_ Grapes (fruits) Vilis vinlýra Vilaceae 54 
Green tea (leaves) Camellia sinensis Aeaceae 04 
Henna (leaves) Lawsonia inermi .S Lohraceae 02 
Indigo (whole plant) Indigofera lincloria Legumi . noseae 01 
Kiwi (fruits) Actinidia chinensis Aclinidiaceae 04 
Kumquats (fruits) Fortunefla margurita Rutaceae 10 
Lemon (peel) Cilrus limon Rulaceae 20 
Lychee (pericap) b1chi chinensis Supindaceae 
Madder (roots) Rubia tinclorum Rubiaccue 03 
Mango ffrLMS) Mangýfera indica Anacardiaceae 25 
Mulberry (berries) Morus nigra Aloraceae 10 
Onion (Skins) Allium cepa Liflaceae 04 
Passion fruit (skins) Passýfloru edulis Passýlloraceae 63 
Pepper (fruits) Capsicum annum Solanuccue 15 
Plum (fruits) Primus domisfica Rosuceae 60 
Pomegranate (rinds) Punica granalian Punicaceae 10 
Prickly pears (skins) Opuntia. ficus indica Aforaceae 40 
Raspberry (berries) Rubus idaeus Rosaceae 60 
Roselle (calyces) Hibiscus sabdarV 
. 
ýfa Afulvaceae 04 
Saffron (stigma) Crocus salivus Iriduceue 03 
Spinach (leaves) Spinacia oleraceae Chenopodiaceae 38 
Strawberry (berries) Fragaria vesca Rosaceac 38 
Sumac (seeds, leaves) Rhus cori . al-I .a Anacardiaceae to 
Tomato (fruits) Lvcopersicun esculenlum Solanaceae 25 
Turmeric (roots) Turnicric Ionga Zingiberaceae 04 
Weld (leaves) Reseda hileolu Resedaceae 03 
ZizyphLIS (berries) Ziziphus ziýiphus Rhanniaceae 10 
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5.10.4 Dyeing Procedures 
Dyeing without mordant: Fabric samples (silk, cotton and satin), were placed in a 
glass beaker of IL capacity containing 500 ml of dyestuff and boiled for 60 minutes. 
The fabric samples were rinsed with distilled water and air dried. 
2. Dyeing after treatment with a mordant: silk, cotton and satin fabric samples were 
boiled with alum mordant in distilled water (5 g/1) for 20 minutes. Then, the 
mordanted fabrics and the dyeing bath solution were put together in the dyeing 
beaker for 60 minutes. The dye bath ratio for each plant is recorded in Table 5.13. 
After dyeing, the unfixed dyestuff was removed by rinsing with cold water, and 
then air-dried as shown in Plate 5.4. The same procedure was followed for iron 
mordant dyeing. 
3. Dyeing after treatment with alum/tartaric acid: the same dyeing procedure was 
followed except with addition of tartaric acid in a 1: 1 w/w ratio with alum. Only 
eggplant dye extract was used in dyeing silk, cotton and satin fabrics to see the 
effect of changing pH on anthocyanins by using acid medium mordant. 
Plate 5.1: Extraction of the natural dyes 
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Plate 5.2: Dye extracts of cherry, grapes and strawberry which contain 
anthocyanins as colouring matter 
Plate 5.3: Dye extracts of saffron, turmeric, pepper and tomato which contain 
carotenoids as colouring matter 
5.10.5 Fastness Properties 
5.10.5.1 Hand Washing: 
Dyed and undyed fabric samples in contact were agitated in a soap solution (Ariel, Egypt) 
(0.5 g/1) for 20 minutes at 40'C. After rinsing and drying, the change in colour of the dyed 
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samples and the bleeding to the white fabric (cotton, silk, satin) was determined visually 
(Plate 5.7). The changes were graded with marks 1-5,1 = poor, 5= excellent. 
Plate 5.4: Dyed fabrics are air-dried after dyeing 
5.10.5.2 Lightfastness to sun dqylight 
The test is used to determine if a textile changes colour or if the colour is destroyed by the 
action of daylight. The samples of the dyed textiles are exposed to daylight under standard 
conditions, including protection from rain, along with eight dyed wool standards according 
to BS EN ISO 105 B02. Change in colour of the dyed samples related to standard scale of 
blue dyeing were assessed in the normal way visually by giving grade marks 1-8,1 = poor, 
8= excellent). 
5.10.5.3 Colour Fastness to Artificial Light 
The light fastness was also determined using artificial illumination with a xenon arc light 
according to BS EN ISO 105 B02 Precision Processes Textiles (PPT) in Ambergate 
(Derbyshire) and was related to the standard scale of blue dyeings (marks 1-8,1 = poor, 8 
= excellent). 
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5.11 RESULTS AND DISCUSSION 
5.11.1 Colour Characterisation 
Dyes were extracted from the original dyestuff using a heated water bath as can be seen in 
Plates 5.1-5.3. However, not all coloured extract could function as a dye; for example, 
beetroot extract was found to be a poor textile dye. Although the beetroot, eggplant and 
prickly pear produce an intense purple, blue and red colour respectively, the colourants did 
not bind with the fibre even with using alum or iron as mordants, and thus, were not 
considered viable textile dyes. 
More than 32 plants produced noticeable colour and had fair to good fastness performance 
indicating potential marketability as dyestuffs. Among them were blackberry, blueberry, 
pomegranate (rind and fruit seeds), aIjedari, black tea, banana, barberry, cabbage, cloves, 
coffee (Arabic and espresso), cutch, dates, green tea, fenugreek, henna, indigo, lychee, 
madder, mulberry, onion (brown and red), plum, raspberry, roselle, saffron, strawberry, 
sumac, turmeric, weld and cochineal. 
The range of colours achieved, and a verbal description of the shades are given in Tables 
5.14-5.18. As can be seen from the data, the use of an iron mordant result in a distinct shift 
of colour depth and shade compared to the shade of the dyeings without mordanting, while 
the use of an alum mordant does not change the shade to such an extent. The iron- 
mordanted dyeings are generally darker compared to the other methods; this is of particular 
interest for dark shades, e. g., dark grey/ and black which are obtained with pomegranate, 
henna, lychee, clove and cochineal. 
For all samples, it appeared that colours were darker on silk and satin than on cotton, 
although darker colours on cotton were observed for aIjedari, green tea, roselle, indigo, 
dates, lemon and banana. These plants have different molecular groups, as has previously 
been described in the literature (Tables 5.10 and 5.11). On silk, the darkest samples were 
obtained with tannin containing species (aIjedari, black tea, cutch), anthocyanins containing 
species (blackberry, blueberry, plum, roselle and sumac), and anthraquinones (cochineal). 
Obviously, darker colours are better for dyeing as they may be lightened to produce a 
lighter shade if so required. 
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On the other hand, silk and satin gave the brightest shades on dyed samples. The brightest 
colours were obtained from madder, saffron, sumac, strawberry, pomegranate (seed), and 
weld. Plants that contain anthocyanins gave less saturated colours on cotton, as for samples 
dyed with strawberry, pomegranate (seed). 
Higher degrees of saturation were found on silk and satin for madder, weld, saffron, 
turmeric and cutch, cochineal (insect extract). It is interesting to note that these species 
were extensively used for dyeing and colouring in previous centuries because of the quality 
of the orange (madder), yellow (weld, saffron, turmeric), brown (cutch), reddish brown 
(cochineal) shades they provided. This could be explained by the presence of flavones in 
their phytochernical patterns, such as luteolin or apigenin for weld, crocins carotenoid for 
saffron, tannin for cutch, anthraquinones for madder and cochineal (Table 5.11). 
Unexpected results were obtained with madder which produced orange colour shades on all 
fabrics instead of red as reported in literature [1]. This behaviour could be attributed to the 
level of dyeing bath ratio and also to the age of used roots. In fact, it was demonstrated by 
Angelini et al. [1] that optimum anthraquinones content was observed for 30-month aged 
roots. 
The weak uptake of the plants containing carotenes, e. g., banana, kiwi, kumquats, lemon, 
pepper, prickly pears, mango, and tomato was probably attributed to the insolubility of 
carotenes in aqueous solution. Spinach gave only yellow or pale green colour due to the 
low affinity of chlorophyll towards water. The yellow shades provides by spinach was 
probably due to the presence of lutein in spinach. 
The weak adsorption of barberry and zizyphus is probably due to the poor preservation of 
anthocyanins in dried berries. Low anthocyanin content in apple skin also contributed to the 
failure to produce red colour on silk mordanted with alum and iron. 
It should be noted that although indigo is a vat dye, needs an alkali (Na2S204/ NaOH) 
present in order to bond to the fabric. Nevertheless, dark grey blue shades were produced 
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on satin and cotton in the absence of alkali, though this procedure with silk failed to 
produce any noticeable colour. 
These results underline the fact that the nature of the fabric plays an important role in the 
affinity between dye molecules and the supporting material. Moreover, it is important to 
remark that protein-based fibres (silk) are more basic than cellulose-based fibres (cotton) 
and those anthocyanins are well known to turn blue in basic conditions [54]. 
5.11.2 Fastness Properties 
Tables 5.14- 5.17 illustrate the rating of colour fastness to light of each sample. It may be 
seen that some samples presented unexpected behaviours following the test: twelve of the 
54 samples on silk and fourteen of the 54 samples on cotton and sixteen of the 54 samples 
on satin returned to the original colour of the fabric after the test (score 0); 4 of the 54 
samples on silk and nine of the 54 on cotton and thirteen of the 54 on satin showed a darker 
colour after the test (score 10). 
Those dyestuffs that provided sufficient colour were further evaluated for fastness or 
resistance to fading upon (i) exposure to daylight (Plate 5.5 and Plate 5.6) and artificial 
light and (ii) hand washing using the test methods standardized for the textile industry. Best 
results of colour fastness were obtained with sumac, pomegranate (rind and fruit seeds), 
aIjedari, cutch, madder, henna, onion (brown), banana, barberry, black tea, dates, lychee, 
mulberry, cloves, coffee (Arabic and espresso), fenugreek, indigo, weld and cochineal 
(insect origin). These were given grades 4-5 as can be seen from Table 5.14- 5.17. Plants 
that produced fair to medium colour fastness were given 3-4 grades. These are blackberry, 
cherry, raspberry, green tea, onion (red), saffron, turmeric. 
Some other plants produced noticeable colour, but when evaluated for colour fastness to 
light and washing did not meet minimal consumer standards. These are blackcurrant, 
blueberry, grapes, passion fruits, plum, roselle, strawberry and cabbage. These plants which 
showed low resistance to light contain anthocyanins in their molecular groups as can be 
seen from Tables 5.14-5.16. These results confirm the low stability of anthocyanins as 
previously described in the literature [54]. 
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Plate 5.5: Samples exposed to natural sunlight for lightfastness tests 
The 16 dNestuffs and components that produced only a faint tinge was not evaluated for 
colour fastness since they offered only minimal value as dyes (score 0). These are apple, 
carrot. coffee (green). kiwi. kumquats. lemon, macadamia hull, mango. orange, prickly pear, 
pcpper. toniato. rinach. geranium lcaýes. \Ine lea\es Lind zýziphus. 
Plate 5.6: Some dyed samples against Blue Wool Standards after exposed to natural 
daylight 
Light fastness is also influenced by the chemical structure of dyes, nature of mordants, 
mordanting methods and fibres used. Concerning chemical structures, it is interesting to 
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note that some common points can be identified: aijedari, black tea, cloves, cutch, coffee, 
henna, pomegranate rinds are particularly rich in condensed tannins and gallic acid 
(hydrolysable tannins) derivatives, and dates contain hydroxycinnamic acid derivatives. 
Madder and henna contain anthraquinones as can be seen in Tables 5.10 and 5.11. 
Phenolic carboxylic acid derivatives, condensed tannins and gallic acid derivatives 
(hydrolysable tannins) are said to act as mordants or co-pigmenting agents [27,44,69], 
which is a likely explanation for the good colour stability observed for plants rich in these 
compounds [54]. 
SJLZI Effect of Fibres Nature on Fastness Properties 
Moreover, the nature of fibres used [137] could bring another explanation: in fact, cotton is 
a cellulosic fibre, and fading of dyed cotton is attributed to an oxidative process [54]. The 
presence of gallic and hydroxycinnamic acid derivatives, well known for their anti- 
oxidative properties [54,138], could act as protective agents and provide light stability. 
As well, fading of dyed silk, a proteinaceous fibre is attributed to a reductive mechanism 
[541 but this might be inhibited by the protective action of the proteins towards oxidable 
polyphenolics [54]. 
The results were better in relation to water stability. Most samples on the three fibres 
presented good stability: i. e. scored 3-5 (on a scale of 5) except for the colouring by 
beetroot, blackberry, blueberry, cabbage, cherry, grapes, passion fruit, plum, raspberry, 
strawberry on all fabrics and saffron on silk and cotton that scored 1-2 (Tables 5.14-5.17). 
As has been previously stated, all these plant species are rich in anthocyanins excluding 
saffron which has crocin carotenoids (water soluble) as colouring material (Table 5.11). 
Once again these results confirm the low stability of anthocyanins involved. 
Most species also presented good stability in relation to colour discharge: 20 samples (no 
mordant), 26 samples (alum) and 33 samples (iron) of 54 samples dyed on silk, 9 samples 
(no mordant), 28 samples (alum) and 19 samples (iron) of 54 samples dyed cotton and 14 
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samples (no mordant). 32 samples (alum) and -76 samples (iron) of 54 samples dyed with 
satin scored 3-5. 
The lo%% est score (1 -2) was obtained with only a few samples, namely beetroot, blackberry, 
blueberry. biackcurrant. cabbage. cherry. eggplant. grapes. fenugreek. henna, lychee, 
passion fruit. pomegranate (fruit seeds). plum, raspberry, roselle, strawberry, saffron, 
turmeric. %%eld and cochineal 
Plate 5.7: Hand washing of dyed samples 
It is apparent from the above discussion that silk gave the best results in relation to colour 
discharge stabilit% and cotton %%as the poorest. 
5. IL Z2 Effect of mordants on Fastness Properties 
Using iron and alum mordants generally increases the fastness properties. Improvement of 
the light fastness after application of iron mordant is of particular interest. However, the use 
of alum mordants did not affect the light fastness to such an extent in some cases 
(blackberry, cheM. green tea. raspberry and turmeric on silk) and (blackberry, banana, 
henna. indigo on cotton) and (blackberry, black tea and Arabic coffee on satin). 
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Aijedari, madder, cloves, cutch, pomegranate rind, black tea, coffee, henna, onion, weld 
and sumac give dyeings with generally higher levels of fastness properties without and with 
mordants. However the use of mordants, namely iron will increase the level of the fastness 
properties achieved. 
Table 5.18 compiles the colour characterization yielded by natural dyes, while Table 5.19 
presents comparison study of lightfastness of some samples tested with natural and artificial 
light. The results showed that aIjedari scored (4-5) (max 8) with natural light, and (3-4) 
with exposing to artificial light on cotton substrate without and with mordants and on silk 
and satin using FeS04 as mordant. Meanwhile, the dyes from fenugreek on cotton (both 
alum and FeS04) scored 4 with natural light and 3 with artificial light, both henna on silk 
(alum) and pomegranate on silk (alum) scored 5 with natural light and 3-4 with artificial 
light and prickly pear on silk (FeS04) scored 5 with natural light and 4 when exposed to 
artificial light. Dates gave different results with using FeS04 on cotton and satin scored 
grade 5 with natural light and only 2 grades with exposing to artificial light. Plate 5.8 
presents some dyed samples against Blue Wool Standards after exposed to artificial light 
source PPT. 
Total scores of colour fastness properties of each species used in dyeing the textile fabrics 
in this study were summarised in Table 5.20. The natural dyes which scored total of (60-8 1) 
are: tannins containing (aijedari, black tea, sumac, cloves, cutch, green tea, henna, and 
pomegranate rinds), flavonoids (dates, onions and weld) and anthraquinones (henna, 
madder and cochineal). These were given grades 4-5 on ISO standard scale. Banana, 
barberry, blackberry, beetroot, saffron, roselle, raspberry, pomegranate seeds, grapes, 
indigo, fenugreek, espresso and Arabic coffee, scored a total of (40-59). 
Meanwhile, blueberry, cherry, passion fruits, plum, and cabbage scored (30-40) of total 
scores of colourfastness properties. Natural dyes which gave total scores of < 30 were 
obtained with blackcurrant, green coffee, eggplant, geranium, kiwi, kumquats, macadamia, 
mulberry, pepper, prickly pear, senjed, spinach, and vine leaves. 
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Table 5.19: Comparison of lightfastness, of some samples tested with natural and 
artificial light 
Natural dye Fabric Mordant Natural light Artificial Ii ht 
AIjedari Cotton No mordant 4-5 3-4 
Aljeclari Cotton Alum 4-5 3-4 
Aljeclari Cotton FeS04 4-5 3 
AIjedari Silk FeS04 5 3-4 
Aljedari Satin FeS04 5 3 
Dates fruit Cotton FeS04 5 2 
Dates fruit Satin FeS04 5 2 
Fenugreek Cotton Alum 4 3 
Fenugreek Cotton FeS04 4 3 
Henna Silk Alum 5 3-4 
Pomegranate rind Silk Alum 5 3-4 (sample turned red) 
Pomegranate seed Silk Alum 3 2 
Prickly pear Silk FeS04 5 4 
z 
Irk 
Plate 5.8: Some dyed samples against Blue Wool Standards after exposed to artificial 
light source PPT 
Plates 5.9-5.16 display some selected dyed sample fabrics according to colour yielded. 
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Table 55.20: Total scores of colour fastness properties of each species used in dycing the (cx(ile fabrics in this %lud) 
Scores T t lS ores Species Paj silk Cotton Satin 
o a c 
Aijedari 27 24.5 27 79.5 
Banana 13.5 17.5 20.5 51.5 
Barberrv 24 17.5 55.5 
Bectroot 10 16 16 42 
Blackberry 12 14 14 40 
Blackcurrant 05.5 07 04 16.5 
Black tea 26 17 22 65 
Blueberry 13.5 13 13 39.5 
Cabbaýe a 14.5 10 13 37.5 
Cherry 12.5 12.5 11 36 
Cloves 27 24.5 27 78.5 
Cochineal 25 19 25 69 
Coffee b 28.5 16 13 57.5 
Coffee c 23 4.5 19 46.5 
COtTee d 0 05 06 11 
Cutch 24 24.5 23.5 72 
Dates 17 25 27 69 
Eggplant 07 7.5 08 22.5 
Fenugreek 19 18.5 16 53.5 
Geranium n. a. 07 8.5 15.5 
Grapes 13 12.5 16 41.5 
Green tea 21.5 22 17 60.5 
1 lciina 25 16 20 61 
Indigo 03 24 23.5 50.5 
Ki%% i 0 05 03 08 
Kumquats 0 06 0 06 
Lernon 11.5 12 12 35.5 
Lvcliee 21 18 19.5 59.5 
Macadainia 0 05 05 10 
Madder 26 23 28 77 
Mango 07 18 09 34 
M ulberry n. a. 05 5.5 10.5 
Onion ý 24.5 22 23 69.5 
Onion f 28 25 25 78 
Orange 15 11 06 32 
Passion fruit 12 14 13 39 
Pepper 04 04 05 13 
I'lum 13 12.5 1 () 35.5 
Pomegranate 9 27.5 27 26.5 81 
Pomegranate 16 12 24 52 
Prickly pears 14 06 0 20 
Raspberry 16 18 18 52 
Roselle 17.5 13 17.5 48 
Saffron 19.5 19.5 20 59 
Sciijed 06 07 13 
Spinach 0 14.5 11 25.5 
Strawberry 15.5 12 11 38.5 
Sumac 25 22 21.5 68.5 
Turmeric 22 19.5 20.5 62 
Weld 27 27.5 26 80.5 
Vineleaves I n. a. 1 06 1 06 12__ 
-1 Red cabbage; coffee (' espresso ' Arabic; ý' green), onion C red, brown), Ponlegranate (' rinds , seeds 
) 
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'V '" 
- 
NN'eld_/_aluni 
/ no mordant 
* 
Lemon / alum 
- .--- 
Turmeric / no mordant 
Plate 5.9: Samples of cotton fabric dyed with aqueous extracts of plants yielded yellow 
shades 
-, f . --y , ý-T' V, - -. - 
/ alum 
Pomegranate (rind) / alum Cloves / alum 
Saffron /alum 
Turmeric / 
Onion (red) / alum 
Beetroot /-. alum 
Plate 5.10: Samples of cotton fabric dyed with aqueous extracts of plants yielded 
green-olive shades 
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Onion (broivn) / alum 
I 
Beetroot / alum 
Henna / alurn 
/ alum 
Plate 5.11: Samples of silk fabric dyed with aqueous extracts of plants yielded orange 
shades 
Saffron / alunt 
lari / FeSO4 
_ 
Cutch / alum Cutch / FcS04 
Plate 5.12: Samples of satin fabric dyed with aqueous extracts of plants yielded brown 
shades 
Saffron / FeSO 
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Madder / alum Madder / no mordant 
Cutch / no mordant 
Cabbaae / alum 
/ Plum / FCS04 
Plate 5.13: Samples of silk fabric dyed with aqueous extracts of plants yielded purple- 
violet shades 
Indigo / no mordant 
IN-Wit 
Cabbage / FeS04 
Indip-o / alum 
/ alum 
Indigo/ FeSO4 
Fe 
Plate 5.14: Samples of cotton fabric dyed with aqueous extracts of plants yielded blue 
shades 
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Bla_ckbcr! T/_iio mordant 
Blueberrv / alum 
Stra%% berrv no mordant 
Pomegranate (seeds) 
alum 
Pomegranate (seeds) 
FeS04 
Plate 5.15: Samples of satin fabric dyed with aqueous extracts of plants yielded pink 
shades 
Ask 
Roselle no mordant Roselle / alum Strawberry alum 
Sumac no mordant Sumac / alum Cochineal / no mordant___ 
Plate 5.16: Samples of satin fabric dyed with aqueous extracts of plants yielded ruby- 
red shades 
Saffron / no mordant 
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I'lum / no mordant 
5.12 SUMMARY 
The following conclusions are drawn from the results presented in this chapter: 
Natural dyes arc able to produce strong, clear colour that is fast to consumer use. Of the 54 
dyestuffs studied, 32 plants are potentially able to produce marketable natural dyes. These 
dyes produce good colour and met minimal performance standards for colour fastness to 
light and washing. 
Silk, cotton and satin fabrics can be dyed successfully by the natural dyes extracted from 
different species. Silk gave the best performance of dyeing uptake and stability. Cotton 
gave the poorest fastness Properties. 
Iron and alum mordants generally increase the fastness properties. It was also observed that 
using alum mordant brightens the natural dyes, while fixing the colour. Iron fixes the colour 
and darkens it. Iron also has a tendency to turn many yellow dyes green. Grey-black colour 
can be produced from plant dyes mordanted with iron. 
Considering molecular associations the fastness properties were of the order: 
anthraquinones and tannins > indigoid > flavones > flavonols > flavanols > carotenoids > 
anthocyanins. 
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6.1 INTRODUCTION 
Materials of natural origin have been used to provide colour in foods, drugs and cosmetics 
for thousands of years. Ash from fires, mineral compounds and plants were probably 
among the first materials used for cosmetic purposes. Later, it was discovered that certain 
materials, mostly plant derived, could be used to enhance the taste and appearance of foods 
and thus turmeric, paprika and saffron were used for more than just their flavouring 
properties. By the early 1990s, natural and synthetic colour additives were used extensively 
to colour foods, drugs and cosmetics [1]. In the later part of the nineteenth century, 
synthetic organic dyes were developed to provide a more economical and extensive array of 
colourants. Colour is important for cosmetic purposes among many populations, and also 
for safety purposes such as the identification of pharmaceuticals. 
Colour is an important characteristic and selection criterion for food choice. Many studies 
have highlighted this importance and have shown how selection may change among certain 
populations, and over time. Colour additives exempt from certification are used for a wide 
variety of purposes in foods, drugs and cosmetics [1-5]. Based on the origin of food colours 
can be classified as natural, nature identical and synthetic. There is an increasing demand 
for the use of natural colours as they are preferred in foods over the synthetic colours. The 
usage of dyes and pigments in foods and the level of incorporation are governed by the 
regulatory requirements of the individual countries [2,6]. 
Significant developments have occurred with natural dyes since their wider 
commercial isation around 25 years ago. The growth in use of natural dyes comes from 
increasing consumer pressure for 'natural' products in light of their distrust for the food 
industry, based on unsubstantiated health scares related to additives in general, but 
especially related to hyperactivity and its perceived association with many azo dyes such as 
tartrazine [3]. 
Colour is spread widely throughout nature in fruit, vegetables, seeds and roots. In our daily 
diets we consume large quantities of many pigments, especially anthocyanins, carotenoids 
and chlorophylls [3]. 
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Dyes from nature vary widely in their physical and chemical propertics. Many are sensitive 
to oxidation, pH change and light and their Inherent solubility varics wicicly 131. 
There are currently 13 permitted naturally derived COIOUrS Ior use in the FJ I and 26 colours 
exempt frorn certification in the USA. Table 6.1 lists food additives permitted In UK and 
Table 6.2 details the colour shade and key characteristics of the MOSI C01111110111y LISCd 
permitted naturally derived colours 13]. 
Table 6.1: Name and type of natural-derived dyes permitted for use of food 
in the UK 151 
Name/Type E number Name E number 
Alkanet extract (P) Curcurnin (P) E 100 
Amaranth (P/S) E123 Flavoxanthm (P/S) EI 60a 
Annatto & extract (P) E160b Gold (M) FI 75 
Anthocyanins (P) E163 Grape colour & skin extract (P) 
Barley extract (P) Malt (P) 
Beetroot powder (P) E162 Red beet extract (P) E162 
Canthxanthin (P/S) Ribollavin, vitamin 132 (P/S) El 10 1 
Caramel (S) E150 Riboflavin tetrabutyrate (P/S) 
Vegetable carbon, 
Carbon black (P/S) 
E153 Saffron (P) 
Carmines (A) E120 Terpene resin (S) 
Carotenes (P/S) E160a Titanium oxide (M) FI 71 
Chichory extract (P) Turmeric (P) 
Chlorophylls (P) 13140 Xanthophylls (P/S) 
Citraxanthin (P/S) Paprika (P) EI 60c 
Cochineal (A) E120 Shellac (A) 
Cottonseed flour (P) ------- 
A- Animal; M- Mineral; P- plant; S- Synthesized 
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Table 6.2: Key features of naturally derived colours 13 1 
Pigment Sources Colour shade Comments 
Curcurnin Turmeric rhizome Bright lernon A non soluble pigment that is 
yellow 
-- -light 
sensitive. 
Lutein Marigold and Golden yellow Oil soluble carotenoid pignient 
alfalfa naturally Present In many foods. 
Used in deserts, soft drinks and 
bakery products. Only perinitted 
in tile i ISA in chicken feed. 
Natural mixed Palm oil, D. salina Golden yellow Oil SOILINC, naturally Sensitive to 
carotenes (algae) to orange oxidation. 
Bixin/norbixin Bixa Orellana bush Orange Bixin is Oil Soluble and 1101-bixill 
seeds water Soluble. 
Capsanthin/ Paprika Reddy orange Oil Soluble carotenoid froin the 
capsorubin (Capsicum annuin red pepper. The flavour level 
(capsaicin) must be lower than 
--- ----- - 
250ppili in the 
- 
F" I J. 
Lycopene Tomatoes Orangy red Oil Soluble carotenoid pignient, 
has found little coininercialisation 
as a colour owing to high cost, 
poor stability. Not listed in tile 
USA as a C01OUr additive. 
Carminic acid Cochineal insect Orange to red Water dispersible pigment 
(female) 
Carmine Cochineal insect Pink to red Tile aluminium lake ofcanninic 
(fernale) acid 
Betanin Red table beetroot Pink to red Water soluble pigments that are 
degraded by prolonged heating 
Anthocyanin Black grape skin, Pink/red to _ Natural pigment ofniany red 
elderberries, black maUve/blue fruits, flowers and vegetables. 
carrots, red cabbage depending oil 
PH 
Chlorophyll Grass, Lucerne, Olive green Oil dispersible 
spinach and nettle 
Copper Grass, Lucerne, and Bluish green Fxchange 01, Mg2l 
chlorophyll nettle 
Crocins Saffron/Gardenia Yellow Water soluble carotenold 
fruit pigment. No longer listed in F11J. 
I Saffron listed in USA 
Titanium Anatase (mineral) I White Insoluble white MOM derived 
dioxide from nature by various processes 
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Natural dyes were initially considered much less stable, more difficult to use and more 
expensive than the synthetic colours they aimed to replace. It was always thought the 
colour shades achieved would be less vibrant and appealing [3]. Indeed, this was one reason 
why synthetic dyes replaced natural dyes in the 19-20 centuries. 
It is estimated that worldwide up to 70% of all plants have not been investigated fully and 
that only 0.5% have been exhaustively studied [4]. From this it could be concluded that we 
have only just begun our search for sources of natural food colour sources. Any totally new 
pigment source would require assessment, which would be costly and time consuming, 
prior to any Food and Drug Administration (FDA) petitioning and EU approval for use as a 
food colourant. The final drawback is that many 'undiscovered pigments' will be in 
unprospected land or the sea and commercialization could be an uneconomic prospect. 
With these drawbacks in mind suppliers of natural colours have focused on the 
development currently permitted pigments in three main areas: i) formulation technology, ii) 
processing technology and iii) alternative sources of pigments. These approaches have 
proved very successful and have contributed to the increase in usage of natural colours 
throughout the food and drink industry. Food manufacturers are now confident that a colour 
supplier can produce most colour shades in a natural form giving the vibrancy, stability and 
usage characteristics they require [3]. 
6.2 USES OF NATURAL DYES 
The dye molecules may function in the plant as colourants and/or in other roles, e. g., in 
photosynthesis [5]. Wissgott and Bortlik classified plant dyes according to five main 
functions [4]. 
i) Conversion of light energy during photosynthesis (chlorophylls, phycobilins and 
carotenoids) 
ii) Communication between plants and animals (carotenoids and flavonoids) 
iii) Detoxification of reactive oxygen species (carotenoids) 
iv) Response to stress (flavonoids) 
v) Unknown functions (flavonoids) 
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The following subsections details some areas in which natural dyes can be used as 
colouring material. 
6.2.1 Food and Drink 
The dyes that occur naturally in a food plant have, of course, been the source of the 
traditional colour of the prepared food, after the processing needed to produce the edible 
food. Such dyes could be viewed as accidental dyes in that they are present only because 
they or their precursors are present in the food source. 
Deliberately introduced dyes have become much more important as the manufacture of 
processed foods has grown. The reasons for their use include the replacement of colour lost 
during processing, storage or cooking by the consumer intensification of pale natural 
colours; correction of seasonal variations of natural colour so that a consistent product is 
presented to the consumer [5]. 
6.2.2 Textiles 
The use of dyes to colour textiles is generally considered to be about 2000 years old. The 
dyes used were derived from natural sources and some, such as Tyrian purple, were 
particularly prized and an important part of the local economy and world trade at the time. 
Dyes were obtained from flowering plants, fungi, lichens (eg, crottle), insects (eg, kermes, 
cochineal and lac), shellfish (eg, Tyrian purple) and earths (eg, ochre). The social history 
associated with dyes is extensive but not covered in this section (see chapter 5). Most plant 
species will produce a dye but relatively few produce strong, bright colours, especially in 
the primary colours. Those that did were highly prized [5] (see chapter 5 for examples). 
6.2.3 Cosmetics 
Many of dyes and pigments have been used for cosmetic for centuries. A common name of 
annatto (Bixus orellana) is the lipstick plant. Natural indigo from Indigofera lincloria was 
used by the Romans and Greeks in a blue crayon for eye shadow while the powdered form 
had other cosmetic applications, such as body painting [5]. 
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6.2.4 Hair Colouring 
Rosemary, chamomile and henna [5,7] are still used in hair colouring preparations and 
there has been a move towards the development of more natural hair colourants by some of 
the major cosmetic manufacturers. For example, Wella (a German-based company) has 
produced a series of natural herbal colour granules containing henna (L. inermis), 
chamomile (Chamaemelum nobile), cutch (Acacia catechu), sedre (Phus latus rhamnaceae), 
indigo (Indigofera tinctoria) and sage (Salvia officinales) in various proportions to achieve 
a wide range of hair colours [5]. Chamomile and sage grow widely in Europe, especially in 
the Mediterranean region. The other plants are not native to Europe and not generally 
cultivated in the UK. In Venice in the late 1500s, saffron was used as a hair dye and applied 
in a mixture with sulphur to hair pre-treated with dried caul, egg yolk and honey. The hair 
was gradually dyed yellow with the action of the sun. The Ladies' Dictionary of 1694 
provided recipes for dyeing hair. Concoctions used in that period included a mixture of 
elderberries and wine for turning hair black, the use of radish extract to achieve an auburn 
shade, and a blend of ceruse (lead derivative), lime, and saffron or turmeric for those with 
blond ambitions [8]. 
Other miscellaneous uses includes fur dyeing, leather dyeing, colouring paper, shoe polish, 
plastics, paints and in toiletries and detergent preparations [5]. 
6.2.5 Functional Food Ingredients 
There is growing evidence that many food components perform additional beneficial 
functions in the body [3]. Our instinctive preference for eating naturally coloured fruits and 
vegetables over pale coloured foods is thought to be natures' way of providing our diet with 
certain phytochemical compounds along with any micronutrients and vitamins naturally 
present. Natural antioxidants are now thought to possibly prevent the increasing incidence 
of many western diseases such as cancers and heart disease, thus these diseases have been 
linked to a lack of fruit and vegetables in the diet. Although most people know that they are 
recommended to eat 5 portions of fruit and vegetables every day, less than 10% of the 
population achieve this target. 
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Many natural dyes and pigments currently used primarily for colouring purposes are 
phytochemicals which have been linked to good health [3,9] such as curcurnin [10], 
anthocyanins [11], tea catechins [12], carotenoids (e. g. lycopene and lutein) [13] and 
chlorophylls [3]. 
6.3 NATURAL DYES 
The main aim of work described in this chapter is to evaluate the effectiveness of anodic 
oxidation processes for the degradation of nine natural plant extracts (spinach, green tea, 
saffron, curcurnin from turmeric, annatto, beetroot, sumac, roselle and henna), and one 
natural animal-derived colourant (cochineal). 
A brief account on each of these natural colourant extracts is presented in the following 
subsections. These include chemical structures of the main colouring components, pictures 
of the natural dyes where available are presented in plates. 
Degradation products from some plant extracts are predicted and compared with the 
degradation products reported in the literature; and obtained during the degradation 
methods such as heat, acid, enzymatic or biological treatments discussed in section 6.6. 
6.3.1 Carmine (Cochineal), Coccus dactylopius, Coccus cacti. 
Cochineal is obtained from the bodies of the female insect Coccus cacti, living on a cactus 
which grows in Mexico [14]. Cochineal pigments extracted from the dried insects are dark 
red powders and carminic acid is the active colouring principle of both carmine and (the 
less pure) cochineal, as shown in Figure 6.1 [15]. 
It takes around 70,000 insects to make one pound of cochineal [16]. It is a permitted food 
additive, and has an E number 120. Plate 6.1 shows a plump female cochineal insect which 
has just given birth to several tiny nymphs. Her minute legs are concealed by a protective 
cottony mass, which she secrets around her body. The red body fluids are the source of 
cochineal dye [16]. 
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Figure 6.1: Chemical structures of cochineal pigments carmine and carminic acid. 
Plate 6.1: Cochineal insects on a prickly pear cactus stem (Lanzarote Island, Spain); 
details of clusters of cochineal beetles and cochineal insect Coccus daqvIopius 1161 
6.3.2 Spinach; Spinacea oleracea L., Chenopodiaceae, Chlorophylls 
Spinach originated in Persia, spread through much of Asia, and 1rom Spain to the rest of' 
Europe [ 17]. Spinach is one of the important leafy vegetables consumed al I over the world. 
It is consumed fresh, pureed or processed [ 18 1. Chlorophyll contents as high as I mg/g can 
be found in spinach [ 191. 
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Pure chlorophyll is not easy to isolate and the chlorophyll which is commercially available 
contains other plant pigments, fatty acids and phosphatides, and is known as technical 
chlorophyll [20]. 
Chlorophyll is the major pigment used by plants for capturing light energy. A chlorophyll 
molecule consists of a porphyrin head (four pyrrole rings arranged in a ring around a 
magnesium ion) and a long hydrocarbon tail [21,22]. The function of the tail is to anchor 
the chlorophyll in the membrane. The porphyrin ring also gives the chlorophyll its green 
colour. The chemical structure of chlorophyll a and b are shown in Figure 6.2. 
Chlorophyllins are derivatives of chlorophyll where the central magnesium in the porphyrin 
ring is replaced by other metals such as cobalt, copper, or iron [23]. 
There are four types of chlorophyll; chlorophyll a is found in all higher plants, algae and 
cyanobacteria, chlorophyll b in higher plants and green algae, chlorophyll c in diatoms, 
dinoflagellatea and brown algae, and chlorophyll d in red algae only [5,21,24]. 
ICH2 
CH 3 
R c0 
ý\ N, N- 
CO2CH3 
vg, 
H2C=CH--"" 
/\C 'CH2CH2COOC2oH39 
3H H3 
Chlorophyll aR= CH 3 
Chlorophyll bR =CHO 
Figure 6.2: Chemical structures of chlorophylls from spinach 
6.3.3 Green Tea, Camellia sinensis, Thea sinensis, Theaceae; Tea catechins; 
Polyphenols. 
Ancient China was the birth-place of tea and the Chinese tell this story about it. Over 5000 
years ago, they say, the Emperor Shen Nung was sitting beneath a tree enjoying a bowl of 
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hot water when a leaf from a wild tea plant fell into the bowl. He enjoyed the new infusion 
so much that began regularly using tea leaves with hot water to make a refreshing drink. 
The habit caught on, and soon tea gardens had spread throughout the Far East [25]. 
Europeans discovered tea in the 17th century- Samuel Pepys describes in his diary how the 
drink was en oyed in smart circles in London, Amsterdam and Paris as long ago asl668 j 
[26]. The Dutch East India Company began to import the leaves from China which as the 
world's only tea producer was unable to cope with the increased demand and sent poor 
quality leaves to Europe. During the 18t" century, the British smuggled plants out of China 
to break the Chinese monopoly and planted tea in India, Ceylon and East Africa [27]. 
The procedure of tea fermentation substantially affects the tea composition and teas can be 
generally divided into three basic groups. Green tea (non-fermented) is derived directly 
from drying and steaming of fresh tea leaves; oolong tea is prepared when fresh tea leaves 
are subjected to partial fermentation before drying; and black tea undergoes full 
fermentation before drying and steaming. The fermentation is an oxidative process, in 
which catechins, major polyphenolic components of green tea leaves, are oxidized or 
condensed to larger polyphenolic molecules such as theaflavins and thearubigins [28]. 
Green tea catechins are, structurally, primarily flavanols. The main catechins in green tea 
are (-)-epigallocatechin gallate ((-)-EGCG), (-)-epigallocatechin (-)-EGC), (-)-epicatechin 
gallate ((-)-ECG) and (-)-epicatechin (-)-EC) [29,30]. The chemical structures of the 
catechins and their epimers are illustrated in Figure 6.3 
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53 
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OH 
Catechin (2R, 3S) 5=7= Y= 4'= OH 
Epigallocatechin (2R, 3R) 5=7= Y= 4'= OH 
Epicatechin gallate (2R, 3S) 5=7= Y= 4'= OH 
Epigallocatechin gallate (2R, 3R) 5=7=3=4'=5= OH 
Figure 6.3: Chemical structures of tea catechins and their epimers 
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The main tea phenolic acid is gallic acids. Teas also contain certain amount of caffeine, a 
plant alkaloid occurring also in some other popular beverages such as coffee. Caffeine also 
has attracted much scientific and public attention during the past years due to its 
stimulatory effects [31,32]. Theanine is a unique amino acid found almost solely in tea 
plants and is the main component responsible for the exotic taste of green tea. Figures 6.4 
and 6.5 show the chemical structures of theanine [33] and the alkaloids caffeine, xanthin 
and theobromine respectively. 
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Figure 6.4: Chemical structure of theanine 
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Figure 6.5: Chemical structures of alkaloid moieties of tea leaves 
In the past decade, considerable attention has been focused on the improvement of human 
health by consumption of functional food [12] and tea, originally prepared from the leaves 
of Camellia sinensis, has been re-investigated in many studies for its excellent 
pharmaceutical properties [28]. Polyphenols, especially catechins and phenolic acids, have 
been considered the main players in these beneficial effects on the human health [12]. 
6.3.4 Saffron; Crocus sativus; Iridaceae 
Saffron is the dried stigmas of Crocus sativus and the most expensive spice used in industry 
[34], with many different uses as drug [35], textile dye [36], perfume [37] and culinary 
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adjunct [38]. It is mainly valued as a food additive for tasting, flavouring and colouring 
[39], as well as for its therapeutic properties as antidepressant [40], anticonvulsant [41], 
antitumoral [37,42], and antioxidant [13]. 
The name Saffron comes from Arabic za'faran, which mean yellow [37]. Each flower has 
three stigmas and is harvested by hand. The stigma are separated, sorted and dried. One 
dried stigma weighs about 2 mg and 150-200 stigmas are required to obtain Ig of spice. 
Consequently, the operation is highly labour intensive leading to high costs [43]. 
Crocin 1: RI=R2=X 
Crocin 2: RI=X, R2=Y 
Crocin 3: R, =X, R2=H 
Crocin 4: RI=Y, R2=H 
Crocetin: RI=R2=H 
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Figure 6.6: Chemical structures of saffron components 
Saffron originally grew in India, Iran, Spain, Greece and other countries, and has been 
successfully cultivated in various places in China [44]. In mediaeval times the cultivation 
of saffron was widespread throughout the whole Mediterranean region and central Europe, 
where it was used as a dye. In England it used to be cultivated at Saffron Walden and even 
now can be found growing wild in that area [45]. While the world's total annual saffron 
production is estimated to be 190 tons, Iran produces about 90% of the total [46]. Chemical 
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structures of the main saffron components are shown in Figure 6.6 and Plate 6.2 shows 
saffron stigmas and the plant (Crocus sativus). 
Plate 6.2: Saffron stigmas strands and saffron plant (Crocus sativus) 
6.3.5 Turmeric, Curcuma longa, Curcumin, Diferuloylmethane, Zingiberaceae 
The major yellow ingredient of the powdered rhizome of Curcuma longa L. (turmeric), 
(Plate 6.3) is a polyphenol molecule called curcumin (d i feruloy I methane) [101. The 
pigment contains other curcuminoids, mono-demethoxycurcumin and bis- 
demethoxycurcumin (Figure 6.7) which have one or both methoxy groups missing from the 
aromatic rings [47,48]. It is a fat soluble pigment but is insoluble in aqueous medium 12]. 
It can be made soluble in water by the use of diluents like propylene glycol and tween. 
Curcumin is sensitive to light but is moderately stable to heat [2]. 
Curcurnin can exist in at least two tautomeric forms keto and enol 149,50]. The keto form 
is preferred in solid phase and the enol form in solution. 
The most outstanding use of turmeric is as an important component ofcurries, to which it 
not only imparts a vivid yellow colour but also adds a distinctive pungent flavour [48]. As a 
food additive, its E number is E 100 [20]. Curcumin is used as a dye lor silk, wool, cotton, 
paper and wood in India and China [5 11. 
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Curcumin has also been traditionally used for centuries to treat many inflammatory 
disorders and for wound healing for centuries [47,52]. Besides its extensive usage in 
herbal medicine, it receives growing attention in modem pharmacology [531 due to its 
beneficial effects including strong antioxidant and anti -inflammatory activity, and 
chemopreventive properties against various human malignancies 150,54,55]. 
0 OH 
) R 2 
HO OH 
Curcumin R, = OCH, R2= OCH_3 
mono-desmethoxycurcumin Rl= OCH3 R2 = H 
bis-desmethoxycurcumin Rl= H R., = H 
Figure 6.7: Chemical structures of turmeric components (Curcuma longa) 
AV 
Plate 6.3: Turmeric root, and ground turmeric (Curcuma longa) 
6.3.6 Annatto, Bixa orellana L.; Bixaceae 
Annatto is a natural colouring material, extracted from the pericap of the seeds of Bixa 
orellana L. Plant (Plate 6.4). It is orange yellow in colour and oil soluble. The major 
colouring component is the di-apo carotenoid, bixin [561. Bixin is the liposoluble 9'-cis- 
bixin, which is the monomethyl ester of the water-soluble W-cis-norbixin. In addition to 
bixin and norbixin, numerous other pigments have been characterised from annatto extracts. 
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Figure 6.8 shows the chemical structure of bixin and norbixin. Norbixin is obtained by 
alkaline hydrolysis of bixin to give a water soluble di-carboxylic acid [481. 
H02C 
Norbixin 
F1 
H02C 
Bixin 
CO, CH3 
Figure 6.8: Chemical structures of bixin and norbixin in annatto (BLxa orellana) 
Plate 6.4: Annatto plant (bixa orellana) and a stem from an annatto tree and red seeds 
in a dried capsules Source: 1481 
Annatto extracts are generally formulated to impart colour shades in the range red-orange- 
yellow in different foods [57]. The major uses of oil-soluble annatto colour are in dairy and 
fat-based products and snack foods [20,58,59]. 
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It has been suggested that over 2000 seeds have to be harvested to get just one gram of 
bixin and to produce one gallon of cheese colour, 240,000 seeds would have to be 
harvested [48]. In Europe, as a food additive, its E number is E 160b. 
6.3.7 Beetroot, Beta vulgaris, Chenopodiaceac, Betalains, Betacyanins 
A deep red-purple natural extract from beetroot, the principle compound of which is 
betanin (Figure 6.9), a coloured base [58], fairly unstable in many processes which can 
impart an earthy taste [58]. Beetroot-juice concentrate is universally permitted as a food 
colourant [20,58,60] which has a number of E162. 
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-1 XT HO N+ C02H 
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Figure 6.9: Chemical structures of betanin (bectroot red) 
6.3.8 Sumac, Rhus glapra; Rhus cotinus; Rhus typhina, Ancardiaccae 
Sumac is a shrub which reaches 3-4 m in height in the wild. It bears pinnate leaves with six 
to eight pairs of small oval leaflets of different size [Plate 6.51, and has white flowers in 
terminal inflorescences. The fruits (drupes) are red and contain one seed. Sumac was 
cultivated until 1970s in Spain, Italy, Turkey, Iran and some Mediterranean Arabian 
countries. Its powdered leaves were using as a tanning agent because of its high tannin 
content [61]. There are over 250 species of sumac, some varieties of which are poisonous 
[62]. 
Sumac is a tart, red-purple spice, and is obtained by grinding the berries of the Middle 
Eastern sumac shrub. Sumac is a souring agent in Middle Eastern cookery, used in place of 
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vinegar or lemon juice [621, where it is sprinkled liberally over rice, kebabs, fish and salads. 
It is often mixed with freshly cut onions and eaten as an appetizer [621. 
Plate 6.5: Sumac leaves and sumac plant (Rhus typhina) 1631 
The main compounds present in Rhus family are hydrolysable gallotannins 161,641. Its 
basic structural unit is the polyol D-glucose, esterified by gallic acid at its hydroxyl groups 
(Figure 6.10). In addition to gallotannins [651, Rhus leaves contain substantial amounts of 
flavonoids, fisetin, myricetin [661 (Figure 6.11) and quercetin [671. 
RION_, 
c 
11 
0 
Hydrolysable tannins (e. g. gallic acid derivatives) 
R =glucose: monogalloyl-glucose 
Figure 6.10: Chemical Structures of gallotannins from sumac 
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Figure 6.11: Chemical structures of flavonoids; fisetin and myricetin in Sumac 
6.3.9 Roselle; Karkadk; Sorrel; Sudanese tea; Hibiscus sabdariffa; Malvacea 
Aqueous extracts from dry calyces of Hibiscus sabdariffa L., variety sabdariffa (ruber) 
(Plate 6.6), a tropical annual shrub known as roselle or karkade, contain two main 
anthocyanins: delphinidin-3-sambubioside and cyanidin-3- sambubioside [68] (Figure 
6.12). 
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511yý 
OH 
Delphinidin-3-sambubioside Rl= R2 =OH 
Cyanidin-3-sambubioside RI=OH; R2ý=H 
Sambubioside - (xylosyl- 1 --»- 2-glucode) 
Figure 6.12: Chemical structures of delphinidin-3-sambubioside and cyanidin-3- 
sambubioside 
The dry calyces of H. sabdariffa yield as much as 1.5% (w/w) pigment that has 
transmission spectral features very similar to those of Red No. 2 (amaranth) [68]. It was 
introduced to the West Indies in the 18th century it was cultivated mainly as an ornamental 
281 
plant and partly for fibre. The crop is cultivated extensively at present in India, Thailand, 
Senegal and Egypt for its pleasant red coloured calyxes which are used for making jam and 
bottled drinks [691. 
Plate 6.6: Roselle (Hibiscus sabdariffa) plant 
Being high in anthocyanin [68] roselle petal is both a good colourant and potentially a good 
source of antioxidants [11,70]. 
6.3.10 Henna, (Lawsonia inermis L. ); Lythraceae 
Henna, a natural product obtained from the crushed leaves of Lawsonia inermis, has for 
centuries been used, as a cosmetic agent to dye the skin, hair, and nails of people in many 
Middle Eastern countries and Muslim world [7,71,721. It is native to and grows wild 
throughout the Middle East, North Africa and the Indian sub-continent. Henna is planted 
today primarily as an ornamental hedge, but is probably best known for the dried, ground 
leaves. Traditionally used to produce the colourfast red-orange pigment, lawsone I Figure 
6.131 [72,73]. It contains many healing substances like tannin and other glue-like 
substances [741. 
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Figure 6.13: Chemical structure of Lawsone (Henna) 
6.4 ANALYSIS OF NATURAL FOOD PIGMENTS 
Several methods have been developed to analyze the components of natural food dyes 
including colorimetric measurement [39], UV-Vis [21,24,36,38,57,67], UV-Visible-MS 
[75,76], thin-layer chromatography (TLC) [21,77- 79], gas chromatography (GC) [56,75, 
79], high-performance liquid chromatography (HPLQ with a UV-visible light absorbance 
detector [21,15,22,24,47,53,55,77,80,81] or a photodiode array detector (PDA) [44, 
46,56,57,61,68,76,82] and LC [83,84], MS [57,75,84-86], GC-MS [57] are the most 
powerful analytical separation methods. 
Other methods of analysis such as IR [75], FT-IR-Raman [43], NMR [57,75,84], XRD 
[87], Gel Filtration [64], Phase conjugation [88], Florescence spectrometry [89], Laser 
excited molecular fluorescence [90], Electron Paramagnetic Resonance (EPR) spectroscopy 
[28], Multiresponse Modeling [911 and Flow rate properties using concentric cylinders 
rotational viscometer [92], have been generally used for separation and qualitative analysis 
studies. 
The achievements in the use of chromatographic and electrophoretic techniques including 
thin-layer chromatography, high-performance liquid chromatography and capillary 
electrophoresis for the separation and quantitative determination of pharmacologically 
interesting plant pigments in various sample matrices for use in medicine, foods and food 
products are surveyed and critically evaluated by Sun et al. [93]. 
Cyclic voltarnmetry (CV), an analytical method based on redox processes were previously 
developed for monitoring the composition of tea samples [31,94-96] and to investigate the 
behaviour of tea components under various experimental conditions [30,97,98]. 
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The electrochemical properties of some hydroxyl-1,4-naphthoquinones of plant origin, 
namely juglon and lawsone, have been investigated using thin layer voltarnmetry on 
pyrolytic graphite electrodes [99]. In recent years, capillary electrophoresis (CE) has been 
applied to the analysis of various food ingredients [14,34]. 
Literature reports of studies on electrochemical colour removal and degradation of natural 
dye extracts is apparently scarce. Such studies, however, help in understanding of 
electrochemical behaviour of natural dyes. Also limited information is available concerning 
the application of natural dyes in foods, and there exists a need to investigate the use of 
such natural dyes in a variety of foods, particularly their stability during storage. The results 
will be useful in the application of natural dyes in a number of foods instead of the 
permitted synthetic colours. 
6.5 EXPERIMENTAL 
6.5.1 Electrolysis Set-up 
Electrochemical degradation experiments were conducted in a bench-top undivided 
electrolytic Pyrex. glass cell, with a working sample volume of 2 litres (Plate 6.7). The 
internal dimension of the cell was 14 cm x 19 cm x 14.3 cm (width x length x depth). The 
two anodes and one cathode were positioned vertically and parallel to each other with an 
inter electrode gap of I cm. The size of stainless steel plate cathode was 0.15 cm x 10.8 
cm x 14.7 cm (thickness x width x length). The anode used in the study was a commercially 
available titanium mesh coated with Platinum. The size of each mesh anode was 6.5 cm x 
11.5 cm (width x length). All experiments were conducted at ambient temperature. DC 
power supply (Thurlby model PL154, RS Components, Ltd., England), having an input of 
230 V and variable output of 0-15 V with maximum current of 4A was used as a direct 
current source. Magnetic stirring (KIKA R08 model, Germany) was used in order to keep 
the solutions in the compartment well mixed during electrochemical oxidation. 
The pH of the sample was measured using Mettler Toledo pH meter (model Delta 320, UK). 
A Perkin-Elmer Lambda 9 UV-visible Spectrophotometer was used in this work for the 
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determination of dye concentrations at the maximum absorbance in the range ol'200-700 
nm. Total organic carbon (TOC) was determined by using a model 700 (0.1. Corporation, 
Texas) TOC analyzer. The instrument was operated at room temperature and 5 ml samples 
were injected. All solutions for TOC were prepared in deionised water. 
Two litres of solutions of each dye were prepared by dissolving the required amount ofthe 
natural dye extract in deionised water to make up 50 pprn of dye concentration. At the 
beginning of each experiment the electrolytic cell was filled with 2 litres of dye solution and 
the required amount of the electrolyte was added to the solution. During the experiments, 
the pH of the solution was monitored constantly. Each experiment was run for 480 minutes 
or otherwise specified time depending on the nature of the experiment, and the solution was 
kept agitated constantly by a magnetic stirrer. About 20 ml of the solution was sampled at 
intervals from the middle of the electrolytic cell by a glass pipette. Experiments were 
performed in duplicate and found to be reproducible. 
To evaluate colour removal by the electrochemical method, the disappearance of the 
absorbance peak in the visible range of the solutions of the investigated dyes was monitored. 
Plate 6.7: Experimental set-up for electrolytic oxidation of natural food dyes 
285 
6.5.2 Materials and Natural Dyes 
Experiments were carried out to study the electrolytic oxidation of the following natural 
dyes: 
Natural Food Colours: carmine in propandiol (Langdale red), binary mixture of curcurnin 
and annatto in propandiol (Langdale yellow) were purchased from 
Tesco, Uxbridge. 
Dry Leaves: green tea, roselle (karkade), henna were purchased from local shops 
in Tripoli, Libya. 
Dry Stigmas Strands: saffron (Abushiba; Iranian origin) was a gift from Dr Amani 
Alshirawi from Bahrain. 
Dry Powders: turmeric was obtained from local herbal shop in Tripoli; sumac was 
purchased from local shop in Southall, London. 
Fresh Vegetables: beetroot and spinach leaves were purchased from Tesco in 
Uxbridge. 
Three sets of experiments were conducted for carmine, saffron, green tea, spinach and 
Langdale yellow. These experiments were run separately in aqueous solution, aqueous 
NaCI and aqueous Na2S04 as electrolytes. While only one experiment using aqueous NaCl 
was run for turmeric, sumac, beetroot, roselle and henna. 
6.5.3 Preparation of Natural Dye Extracts 
Carmine and Langdale yellow colour were used without further processing. Three batches 
of stock solution of 2 litres each were prepared by diluting 10 ml of the dye solution. One 
batch was electrolyscd without addition of an electrolyte, Na2SO4 (5 g/1) was added 
immediately before electrolysis of the second batch, to the third batch, NaCl (5 g/1) was 
added. 
The beetroot and spinach were separately chopped and crushed in a blender; and, in each 
case, a weighed amount of material was mechanically shaken in boiled distilled water for 
30 minutes. The chopped material drained and the filtrate was made up to 2L solution. In 
case of beetroot NaCl (5 g/1) was added immediately before electrolysis. The same 
procedure was used three times in the case of spinach extracts but with the addition of 
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Na2S04 (5 g/1) and NaCI (5 g/1) to two batches separately before running the electrolysis. 
The third batch was subjected to electrolysis without using any electrolyte. Three other 
stock solutions of raw fresh spinach extracts were prepared (without boiling). To one stock 
NaCl (5 g/1) was added before running the electrolysis. The second stock solution was 
boiled for 60 minutes and samples were taken in 15 minutes intervals and followed with the 
UV-visible analysis. The third stock solution was used to take samples for analysis on UV- 
visible spectrometer. 
Saffron stigmas strands were soaked in 200 ml of water for 10 minute, followed by boiling 
with distilled water at 95"C for 30 minutes. The strands were removed by filtration and the 
filtrate was made up to 2L with distilled water and this solution was then subjected to 
electrolysis. The same procedure was repeated twice but with the addition of Na2SO4 (5 g/1) 
and NaCI (5 g/1) separately to the working solutions before running the electrolysis. 
The dry leaves of green tea, the calyces of karkade (roselle) and henna leaves were 
separately boiled in distilled water at 95*C for 30 minutes. The leaves were removed by 
filtration and the filtrate in each case was diluted to 2L with distilled water and (NaCl 5 0) 
was added to each solution immediately before the solutions of the extracts subjected to 
electrolyses. The same procedure was followed in preparing two other batches of green tea 
extracts. One batch was electrolysed without adding electrolyte, to the second batch 
Na2S04 (5 g/1) was added immediately before electrolyses. 
Tunneric powder and sumac dry crush were separately boiled in distilled water at 95*C for 
30 minutes. The residues were removed by filtration and the filtrate in each case was 
diluted to 2L with distilled water and (NaC1 5 g/1) was added to each solution immediately 
before the solutions of the extracts subjected to electrolyses. 
6.6 RESULTS AND DISCUSSION 
Temporal changes in the concentration of the studied natural dyes were monitored by 
examining the variations in maximum absorptions in the visible spectra. Electrolysis 
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experiments were carried out at the natural pH and a range of constant current (0.011-3.997 
A). The experimental processes and the results are presented in each section individually. 
6.6.1 Degradation of Carmine (Cochineal) by Electrolytic Process 
The UVIvisible spectrum of carmine in (a) aqueous solution, (b) aqueous Na2S04 and (c) 
aqueous NaCl are shown in Figure 6.14 and the percentage degradation / removal data are 
shown in (Tables 6.3-6.5). 
The UV/visible spectrum of carmine exhibited a sharp maximal absorbance at 292 nm and 
a less intense band at 344 nm in UV region and a broad band with two absorbance peaks at 
526 and 563 nm in visible region. 
In aqueous solution of carmine, the peaks at 526 and 563 nm shifted to longer wavelength 
(bathochromic effect) and decreased slightly. Only 27% colour removal is achieved during 
the 360 minutes of electrolysis with little fading of the pink red colour to light purple and a 
change of pH from 6.3 to 4.5 was observed during the course of electrolysis (Table 6.3). 
In aqueous Na2SO4 solution of carmine, the peaks at 526 and 563 nm shifted to the blue 
region (hypsochromic effect) and decreased continuously with 69% colour removal is 
achieved during the 15 minutes of electrolysis. The pink red colour of the carmine 
discharged after 120 minutes electrolysis, and after 360 minutes 92% colour removal is 
attained (Table 6.4). 
In the case of aqueous NaCI solution the pink red colour of the carmine discharged 
completely after 2 minutes electrolysis, and with a rapid decrease of the absorbance 
(hypochromic effect) at pH, which varied between 6.2-4.3, and 97% colour removal 
achieved during the course of 240 minutes (Table 6-5). However, after 30 minutes 
electrolysis the absorbance peak at 292 nm increased and shifted to longer wavelength 
(bathochromic effect). The results from the UV spectra and TOC data (31%) indicate the 
formation of intermediate products which are persistent and remained in solution even after 
240 minutes of the electrolysis (Table 6.6). 
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Table 6.3: Electrochemical decolourisation of carmine in aqueous solutiol, 
Time (min) p Volta eV Colour 'Yo Removal 
0 6.33 15.48 Pink-red 
15 5.6 15.46 Light p irl ic is 
330 5.0 15.45 Light purple 17 
60 5.6 15.26 Light purple 21 
120 6.2 15.26 Liýht purple 21 
240 5.8 15.28 Light p it-pie 23 
360 4.5 15.30 Light purple 27 
Conditions: Current, 0.011 A; temperature, ambient; concentration (carminc 5 nil/L) 
Table 6.4: Electrochemical decolourisation of carmine in aqueous sodilln, sulphate 
Time (min) pH Voltage (V) Colou r 'Yo Renloval 
0 6.6 15.3 Pink_-red 0 
15 11.9 14.42 Pale A 0 
30 11.5 14.21 
_ _13aby 
ink 70 
60 11.6 13.70 Baby pink 74 
120 4.8 14.62 COIOLII-ICSS 81 
240 4.6 14.83 Colourless 87 
360 4.6 15.52 
- --c-o-loul-less 
92 
Conditions: current, 2.0 A; temperature, ambient; concentration (carmine 5 nil/1,; Na, SO. j, 5 g/l, ) 
Table 6. ---,: Electrochemical decolourisation of carmine in aqueous sodium cill()I-i(le 
Time (min) pH Voltage (V) 
0 6.2 7.12 
2 4.0 7.14 
15 3.9 6.95 
. 30 
3.9 6.11 
60 4.0 6.79 
120 4.4 6.79 
180 4.2 6.80 
240 4.3 6.80 
Colour 
C01OLIrless 
'Vo Removal 
Colourless 94 
Colourless 95 
Colourless 95 
COIOLirless I)6 
Colourless 96 
1 240 1 4.3 1 
_6.80 
1__ 
__ 
Colourless 1 97 
Conditions: CUrrent, 2.0 A; temperature, ambient; concentration (carnmic 5 nild-, NAI, 5 g/1) 
281) 
Table 6.6: TOC data during the electrolysis of carmine extract in a(lucous, m)(iiiin, 
chloride 
Time (min) TOC (ppm) TOC'Vo Degradation 
0 154 
30 150 3 
60 149 04 
120 139 1 () 
180 130 16 
240 106 31 
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Figure 6.14: UV-Visible spectra showing the electrolytic destruction of carmine 
(cochineal extract) in (a) aqueous solution, (b) aqueous Na2SO4 and (c) aqueous NaCl 
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6.6.2 Degradation of Spinach Extract by Electrolytic Process 
Generally, spinach solutions display characteristic maximum absorbance at 430-450 nm 
and at 685 nm [90]. Under our experimental conditions, the UV/visible spectra of tile fresh 
raw spinach extracted at room temperature (without boiling) in aqueous solution (Figure 
6.17a) displayed absorbance maxima at 250-317 nm (broad), 372 nm, 331-377 nm (ccntrcd 
at 356 nm), 454 and 492 nra (sharp), and 692 nrn (sharp). 
In aqueous spinach extract, a decrease in intensity of the two hump peaks centred at 269 
and 352 nm occurred during the course of electrolysis (Figure 6.16a). Only 21% colour is 
removed during the 480 minutes of electrolysis at pH 7.2-8.0 (Table 6.7). 
For the spinach extract in aqueous Na2SO4, the absorbance peak at 235 nm increased in 
intensity (hyperchromic effect) with slight shift toward the red region (bathochromic effect) 
(Figure 6.16b). No discharge of colour or change of pH was observed (Table 6.8). 
When the aqueous sodium chloride was used as an electrolyte, a decrease in absorbance 
intensity occurred during the 60 minutes electrolysis with 69% colour removal is achieved 
with complete discharge of the original colour of the spinach extract (Table 6-9). However, 
a new sharp absorbance peak formed at 305 nrn during the remaining period of electrolysis 
(Figure 6.16c) with an increase in pH from 6.4 to 8.6. 
6.6.2.1 Effect of concentration of spinach extract on the electrolysis 
The electrolysis of concentrated spinach extract (250 9/1) in aqueous NaCI (5g/1) was 
conducted to investigate the effect of spinach concentration on the electrolysis. No colour 
removal was achieved, and only a slight change of colour was observed during the 180 
minutes electrolysis even after increasing the current from 1.5 A to 4.0 A at pH (4.6-6.0) 
(Table 6.10). 
6.6. Z2 Effect of Heating on the Stability of Spinach Extract 
An experiment was conducted to investigate the thermal stability of the chlorophylls and 
other components of spinach extract during boiling in aqueous solution (Table 6.11). The 
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UV/visible spectrum of the boiled spinach extract (Figure 6.17b) shmýcd an incrcaw ill 
intensity (hyperchromic effect) of the absorbance peaks at 250-3 17 nin in(] ý145 nni aftcr 
5 
minute electrolysis, and a shift toward longer wavelength observcd during the rcjljýjiljing 
time of electrolysis period. After 30 minutes of' electrolysis, a shouldcr developed at 395 
nin. An increase in pH from 6.7 to 9.5 was observed during thc coursc of clectrolvsis ýIljd 
the olive green colour turned to dull yellow. 
It was reported by Nisha et al. [1001 that chlorophyll is degraded by the 1-cp1j, ceincill (q, 
magnesium by hydrogen and acid produced during heating. Discol()Ljjqjt'()n in leaves due to 
loss of chlorophyll is accompanied by browning. The authors have also reported thit LIL11-1'11ýg 
thermal processing, the colour changes from bright green to olive green due to the 
conversion of chlorophyll to pheophytin and pyropheophytin (Figure 6.15). Our result.,, are 
in accordance with the results reported in the literature I 100]. 
6.6.2.3 Electroývsis offresh raw spinach extracted at room temperature in aqueous NaCl 
The UV/visible spectrum of the spinach extracted at roorn temperature (\\11hout jj, )jjjjj,, ) 11, 
aqueous NaCl solution (Figure 6.17c) shows a Continuous decrease in the intens1tv 
(hypochrornic effect) of the absorbance maxima at 454 and 492 nni (sharp), and O(Y-1 11111 
(sharp) during the course of electrolysis. Although 95% ofcolour removal \Nas aclueýed in 
60 minutes with only slight change of p1l (6.7-5.9) and COIOLir was discharged after 3() 
minutes (Table 6.12). However, the UV region of tile spectrum shows organic matcrials 
rernains in the solution. 
Table 6.7: Electrochemical decolourisation of spinach in aqueous, 
Time (min) pH Voltage (V) collour 
0 7.2 15.05 
15 6.8 15.16 
_ _I-i 
it olive 
30 8.0 15.18 1,441-it olive 
60 6.8 14.90 Li, ýht olive 
120 7.8 15.58 Ligh Olive 
240 7.2 13.98 tj-ýhj olrve 
360 6.9 14.55 - - Light oli ve 
480 8.0 14.62 ljýlitolive- 
Re I noval 
07 
14 
Is 
18 
21 
21 
Conditions: CUrrent, 0.246 A; temperature, ambient; concenti-zition (splimcli 15 Lý/I) 
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Table 6.8: Electrochemical decolourisation of spinach in aqueous sodium sulph, 11c 
Time (min) PH Voltage (V) Colour 
0 6.7 11.40 Light-011NIC 
15 6.4 12.84 Pale yellow 
'10 6.3 13.09 Pale yellow 
60 6.4 12.19 Pale yellow 
120 6.4 11.40 Pale yellow 
240 6.7 11.04 Pale yellow 
360 6.6 11.06 Pale yellow 
480 6.6 11.31 Pale yellow 
Removal 
Conditions: current, 2.0 A; temperature, ambient; concentrati oil (spinach 15 g/l; Ni.,, -, ( )1,5 g/1) 
Table 6.9: Electrochemical decolourisation of spinach in aqueolls so(litill, cl, 14)1-i(le 
Time (min) Volltýe (V) I olour 'Yo Removal 
0 6.4 6.78 Li lit oll\c---- 
_ 15 5.6 6.94 Pale olive 04 
30 5.3 7.07 Pale yellow 30 
60 6.3 6.59 C01OLirless 69 
120 7.5 6.59 Colourless 61) 
240 8.2 6.72 C0lOLIrless___ 
__ 
61) 
360 8.4 6.73 
Colourless 69 
490 8.6 6.85 COIOLIrless 69 
Conditions: current, 2.0 A; temperature, ambient; concentration (spinach 15 g/l; NaCl, 5 ýý/I) 
Table 6.10: Electrochemical decolourisation of concentrated spinach ill 
sodium chloride 
Time (min) pH voltnýffv) Colour 
0 4.6 4.01 
- -- -Olivc ýi4reell 4.6 4.07 YcIlow 
15 4.6 4.15 Olive ýrccll 
-10 
5.9 4.21 Olive green 
60 5.8 4.40 Dark yellow 
150 ý 
5.9 4.19 Dark yellow ý- 
l 81ý-- 6.0 Dark ycllo\v 
Removal 
Conditions: current, 1.5 A; 0- 150 min; 3.997 A at 180 min, -, temperature, aniblent, 
concentration (spinach 250 g/l; NaCl, 5 g/1). 
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Table 6.11: Thermal colour decolourisation of raw fresh spinach in a(ljco, j%,, st)IIIII(Ij, 
Time (min) PH Collour 
0 6.7 11 ri gilt greell 
5 10.3 Oliwýreep 
10 10.2 DUll yellow brmý, n 
20 9.0 Dull yellow brown 
)o 9.5 DUll yellow brown 
Conditions: temperature, I OO'C; concentration (spinach 15 g/1) 
Rcilloval 
Table 6.12: Electrochemical decolourisation of raw fresh spinach extracte(I . 11 1,00111 
temperature (vvithout processing) in aqueous sodium chloride 
Time (min) 
___pt -I 
Voltage (V) Colour 'yo Removal 
0 0.7 6.09 Briýlvt green 
5 6.2 6.54 Olive ýreen 39 
10 6.6 7.26 Olive green 91 
20 6.2 8.00 Olive green 88 
30 5.9 8.24 Colourless 92 
40 6.0 8.22 Colourless 93 
50 6.2 8.06 Colourless 97 
60 5.9 7.93 Colourless 
Conditions: current, 2.0 A, temperature, ambient; concentration (spinach -50 g/l, NAI, 5 g/1) 
Chloropliyil 
mg 
Illytol 
'o 
Pheophýlin Chlorophyllide 
co'cli, Phytol 
Pyropheophytin 
Phytol 
X4, 
f 
mg 
Pheophorbide 
/111'ý 
CO, (' 11, 
Pyro phe no plio rh id e 
Figure 6.155: Schematic representation of chlorophyll degradation 19 11 
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Figure 6.16: UV-Visible spectra showing the electrolytic destruction of spinach extract 
in (a) aqueous solution, (b) aqueous Na2SO4 and (c) aqueous NaCl 
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Figure 6.17: UV-Visible Spectra of spinach extract: A) Fresh raw spinach extract: 0 min_, 
B) Effect of temperature on spinach-chlorophyll: 0 min 15 min 30 min 45 
min and 60 _, 
Q Electrolysis of fresh raw spinach in aqueous NaCl solution: 0 min 5 min 10 
min ý 20 min , 
30 min 40 min , 50 min and 60 min 
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6.6.3 Degradation of Green Tea extract by Electrolytic Process 
The UV/visible spectrum of green tea extract in (a) aqueous solution, (b) aqueous Na2S04 
and (c) aqueous NaCI are shown in Figure 6.19 and the electrochemical degradation and 
colour removal are shown in (Tables 6.13-6.15). 
The UV/visible spectra of green tea extract exhibited a broad absorbance band with thrce 
small shoulder peaks at 315 nm, 328 nm and 342 nm. During the 15 minutes electrolysis 
this split into two considerable bands at 260-318 nm (broad) and at 362 nm. 
The absorbance peaks at 260-318 nm and at 362 nm in the spectrum of green tea extract in 
water and in aqueous Na2SO4 solution shifted to longer wavelength and the absorbancc 
intensity increased (Figure 6.19a, b) during the remaining course of electrolysis. The green 
tea extract in water and in aqueous Na2S04 solution showed no colour removal after 1440 
minutes (24 h) of electrolysis. However, the colour of the solution changed from dull green 
to brown shades in both cases as the electrolysis proceeded. 
The absorption band at 260-318 nm was selected to monitor the concentration changes with 
time of green tea extract in aqueous NaCl solution, since the band at 362 nm shifted 
considerably towards the longer wavelength region (bathochromic effect) with increase in 
absorbance (hyperchromic effect) (Figure 6.19c) during the course of the electrolysis. 
However, a hypochromic effect occurred after 240 minutes when 35% colour removal and 
22% TOC reduction (Table 6.16) was achieved, after which a dramatic hyperchromic cffcct 
was observed at 1440 minutes with a development of a shoulder peak 382-402 nm. During 
the course of electrolysis browning of the aqueous NaCl solution after 120 minutes was 
observed, with increase of pH to (5.6-9.0) (Table 6.15). 
Maiti et al. [101] reported that the polyphenolic; catechins in green tea extract typically 
display characteristic absorbance maxima at 212 and 272 nm. The browning of the extract 
during the course of electrolysis may indicate the oxidation of catechins to condensed 
tannins as reported by Janeiro and Brett [96] (Figure 6.18). 
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Table 6.13: Electrochemical decolourisation of green tea in aqueous solution 
Time (min) PH Volta e- (V) Colour 
_ _'YO 
Removal 
0 5.1 12.52 Dull ýIccn 0 
15 5.2 11.60 Dull green 
30 5.2 11.30 DLIII ýreen 
60 5.0 11.15 DLIII green 0 
120 4.6 14.40 Light live 0 
240 4.4 15.48 Yellow-honey 9 
-- 360 4.4 13.90 - Yellow-lioney_ - 0 
480 4.3 12.45 flit brown 0 
600 4.2 12.55 L own 0 
1440 4.6 12.39 Light brown 
Conditions: current, 0.208 A; temperature, ambient; concentration (green tea, 5 g/L) 
Table 6.14: Electrochemical decolourisation of green tea in aqueous sodium sulphate 
Time (min) pH Voltage (V) Colour 'Vo Removal 
0 5.3 13.45 Dull green 
15 4.4 13.28 Light olive 0 
30 4.3 12.72 Light olive 0 
60 4.2 11.95 Yellow olive 0 
120 4.2 11.34 Yellow 0 
240 4.2 11.08 Dark y How 0 
360 4.3 10.96 Brown-olive 0 
480 4.2 10.73 Brown-olive 0 
600 4.3 10.70 Brown-olive 0 
1440 5.2 10.70 Brown 0 
Conditions: current, 2.0 A; temperature, ambient; concentration (green tea, 5 g/l,, Na--, S04,5 g/L) 
'Fable 6.15: Electrochemical decolourisation of green tea in aqueous sodium chloride 
Time (min) pH Voltage (V) Collour % Removal 
_ 0 5.6 9.73 Dull green 0 
15 6.3 9.46 Olive yellow 28 
)0 4.7 9.12 Olive yellow - 
60 5.6 8.65 1 loney 
120 6.2 8.10 Brown-lioney - 
240 6.2 8.02 Floney 35 
360 6.6 8.14 Light yellow - 
480 7.2 8.30 Pale yellow - 
600 9.0 8.45 Pale yellow - 
1440 9.0 8.98 _ Colourless - 
Conditions: current, 2.0 A-, temperature, ambient; concentration (green tea 5 g/J; NaCl, 5 g/1) 
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Figure 6.18: Mechanism of oxidation of catechin as suggested by lanciro and Brett 1961 
Table 6.16: TOC data during the electrolysis of green tea extract in aqueous so(linin 
chloride 
Time (min) TOC (ppm) TOC'YoDegradatioll 
0 132.3 
30 121.5 09 
60 116.0 12 
120 115.0 13 
240 111.5 16 
360 103.0 22 
5ýo 
4.5 
4.0 
15 
3.0 
2.5 
2ýO 
1.5 
10 
Oý5 
4 
4. C 
3. ' 
3. ( 
2. ý 
2.1 
0. 
eý 
4ý 
4 
3 
3 
2 
2 
Figure 6.19: UV-Visible spectra showing the electrolytic destruction of green tea extract in (a) 
aqueous solution: 0 min 15 min 30 min , 60 min , 
120 min 240 min 
360 min ý 480 min 
600 min 
_, 
1440 min 
(b) aqueous N22SO4 solution: 0 min 9 
15 min , 
30 min 60 min 120 min 
240 min 360 min 480 min 600 min , 1440 min - 
(c) aqueous NaCl solution: 0 min__, 15 min 30 min 60 min 240 min 360 
min 480 min 600 min _9 
1440 min 
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6.6.4 Degradation of Saffron Stigmas Extract by Electrolytic Process 
The UV/visible spectra of saffron extract in (a) aqueous solution, (b) aqueous Na2S04 and 
(c) aqueous NaCI are shown in Figure 6.20 and the electrochemical degradation and colour 
removal are shown in (Tables 6.17-6.19). 
The UV/visible spectra of saffron extract exhibited absorbance maxima at 235 nm, 262 nm 
and 348 nm (very low intensity) in UV region and a broad band centred at 439 nm in 
visible region. 
in aqueous solution only 20% of colour removal is achieved at 240 minute with no change 
in the colour of the saffron extract and no significant change of pH was observed during the 
course of electrolysis (Table 6.17). However, a hyperchromic effect occurred after 30 
minutes which decreased at 240 minutes to produce a hypochromic effect (Figure 6.20 a). 
In aqueous Na2SO4 solution the golden orange colour of the saffron extract changed to oily 
orange after 5 minutes electrolysis. 32% colour removal was achieved after 120 minutes 
(Table 6.18). A hyperchromic effect was observed after 240 minutes electrolysis and no 
distinctive change in pH or discharge of colour were observed during the course of 
electrolysis (Figure 6.20b). 
In aqueous NaCl solution the golden orange colour of the saffron extract discharged 
immediately after 5 minutes electrolysis with a rise of pH from 6.3 to 10.0.97% colour 
removal was achieved during the course of 240 minutes (Table 6.19). However, a sharp 
absorbance peak at 303 nrn with high intensity (hyperchromic effect) and bathochromic 
effect emerged after 120 minutes with more hypochromic effect during the remaining 
course of the electrolysis time (Figure 6.20c). This result indicates the degradation of tile 
extended conjugated system in saffron and the formation of conjugated degradation 
products with increasing time of electrolysis. 
However, the UV spectra and the TOC data (20% reduction) (Table 6.20) indicate tile 
formation of intermediate products after 120 minutes which persist during the remaining 
240 minutes of the electrolysis. 
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Table 6.17: Electrochemical decolourisation of Saffron extract ill "I(ItIC011% extract 
Time (min) PH Voltage Colour 'Yo Removal 
0 5.6 15.33 0 
5 5.7 14.23 07 
15 5.6 14.23 Oranýe-gold___ 16 
30 5.6 14.05 Oranýe-, volcl 17 
60 5.6 13.98 0! ý! ý'pfld - 
120 6.2 13.92 Oratjýe-, i,,, old 
240 6.6 13.88 Oranýe-gold__ 
_ 
20 
Conditions: current, 0.024 A; temperature, arnbient; concentration (saffron, I g/1) 
Table 6.18: Electrochemical decolourisation of saffroit exti-act in aqueotis %odium 
sulphate 
Time (min) pH Voltage Colour Relllo%al 7.9 14.0-3) Orange-gold 
5 6.2 14.08 Oily-orange I 
15 6.5 13.72 Oily-orange 17 
30 6.6 13.28 Oily-orange is 
60 6.7 12.63 Oily-orange I () 
120 6.0 11.44 Oily-orange 32 
240 7.3 10.89 Oily-orange 
Conditions: current, 2.086 A; temperature, ambient; concentration (saffroll, I 1ý/I, Nt, ls( ),,. 5 v1j) 
Table 6.19: Electrochemical decolourisation of saffron extract ill 
chloride 
Time (min) H Voltage Colour-- 
- 
IV., R 
6.3 9.53 
_ ___ 
Oranýc-gold 
5 10.0 9.55 coloul-less 
15 9. 9.3 9.27 
-coloul-leSs 30 9.0 9.00 COIOLII-ICSS 
60 8.9 8.50 Colourless 
120 9.0 8.36 Colouriess 
240 9.0 9.46 C01OUrless 
94 
94 
97 
Conditions: current, 2.032 A; temperature, ambient; concentration (saff'ron, I g/l; NaCl, 5 g/1) 
Ol 
Table 6.20: TOC data during the electrolysis of saffron extract in aquem1% 
chloride 
Time (min) TOC (ppm) FOC'vo Degradation 
0 183.0 
15 161.6 12 
30 158.0 14 
60 156.0 Is 
90 153.0 16 
120 150.8 1 8 
240 147.0 _ 20 
I 
- 
M4 
t5 
1.0 
O. E 
OA 
tý 
.0 < 
wavelength / nm 
Figure 6.20: UV-Visible spectra showing the electrolytic destruction of saffron extract 
in (a) aqueous solution, (b) aqueous Na2SO4 and (c) aqueous NaCl 
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6.6.5 Degradation of Turmeric (curcumin) by Electrolytic Process 
Generally, curcurnin solutions exhibit strong yellow colour, that is, the main absorption 
band is centered at 429 nm in ethanol [50] or at 420 nm [90,102] and 430 nm [103] as 
recorded in literature. Under our experimental conditions the UV/visible spectrum of 
turmeric extract (Figure 6.22) displayed absorption band at 269 nm and a broad absorption 
at 418-454 nm. The peak at 269 nm. showed a shift toward the blue region with a dccrcasc 
in absorbance (hyochromic effect) after 120 and 180 minutes of electrolysis, while the band 
at 418-454 nm increased slightly after 5 minutes electrolysis (hyperchromic effect). The 
orange yellow colour of turmeric extract was discharged completely after 120 minutes 
(Table 6.21), and 95% colour removal was achieved during the course of electrolysis with a 
pH rise from 6.7 to 9.2 during the 240 minutes electrolysis time. 
HO 
CH30 
Curcumm 
HO 0C0 C11=01cooll Cil-CHCOCII 
HI 
CH30 
0 
HII 
ýo 
ý--, II 01 
H "0 
OCH3 OC' 13 OCI 13 
OH Oil Oil 
Vanifin Ferulic acid Fcruroyl nicthanc 
Figure 6.21: Chemical structures of the degradation products of curcumin 1531 
Curcurnin is practically insoluble in water at acidic or neutral pH. The compound, howcvcr, 
is soluble in alkali. At pH above neutral, i. e. when dissociation takes place, the compound 
undergoes a rapid hydrolytic degradation [52,53,55]. The main decomposition products 
have previously been identified as methyl ester of ferulic acid, ferulic acid and vanillin; the 
306 
latter being secondary product formed by hydrolysis ofi-nethyl ester of ferulic acid 147,53, 
55] (Figure 6.21 ). 
Table 6.21: Electrochemical decolourisation of turmeric extract in aqueous sodium 
chloride 
Time (min) pH Voltage (V) Colour % Removal 
0 6.7 635 Orange-yellow 0 
5 7.3 6.43 Orange-yellow 31 
60 10.6 6.45 Yellow 33 
120 9.9 6.16 Colourless 96 
180 9.5 6.22 Colourless 95 
240 9.2 6.27 Colourless 95 
Conditions: current, 1.5 A; temperature, ambient; concentration (turmeric 5 g/l; NaCl, 5 g/1) 
6.6.6 Degradation of Binary Mixture of Annatto and Curcumin (Langdale Yellow) by 
Electrolytic Process 
The electrolysis of Langdale Yellow binary mixture in aqueous solution (Table 6.22) shows 
no colour removal or change of the original colour, and the pI I varies only slightly (4.5-5.9). 
The electrolysis of Langdale yellow binary mixture in aqueous Solution ofNa-, S04 (Table 
6.23) shows only slight change of colour from yellow to pale yellow during the 120 
minutes electrolysis process. However, a reduction in the pli values From 6.3 to 1.2 was 
observed during the reaction. 
The UV/visible spectrum of the degraded binary mixture of annatto and curCUIllill ill 
aqueous solution of NaCl (Figure 6.22) displayed a well-defined absorbance at 439 rim in 
the visible region and 247 nm in the UV region. Typically bixin and norbixin tile colouring 
matters of annatto exhibits absorbance maxima at 470,501 nrn for bixin and 453,492 mil 
for norbixin have been reported [104]. In another manuscript, the absorbance maxima Cor 
bixin are at 448,480 tirn [ 105]. 
'File corresponding TOC data of the binary mixture in aqueous NaCl are given in Table 6.25. 
TOC valUes decreases over the 120 minutes electrolysis period with 46% redLICtiOI1 01' the 
organic material (TOC) of the Langdale dye mixture. The dye in aqLICOUs NaCl (Table 6.24) 
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showed that the yellow colour discharged completely and that 90% of colour removal is 
achieved after 10 minutes with drarnatic rise in p1l frorn 4.7 to 9.2, and at 25 111111LItCS the 
colour removal of the dye reached a plateau of 95%. The results obtained from the IN 
spectra and the TOC data showed that organic material remains in the solution (Table 6.25). 
The thermal stability of annatto food colouring has been studied in model systems and 
foods. The findings indicated that annatto is readily degraded to form both coloured 
degradation products and the aromatics ni-xylene and to a lesser extent, toluene [15,561. 
Lancaster and Lawrence mentioned that on heating in solution, cis-bixin is partially 
converted into the trans isomer and yellow degradation prodLICtS 1151. 
Table 6.22: Electrochemical decolourisation of Langdale yellow (annatto & curcunlin) 
extract in aqueous solution 
Time (min) pH Voltage (V) Colour % Removal 
0 4.5 14.75 Oily- yellow n. a. 
10 4.3 14.53 3 Oily- yellow n. a. 
15 4.3 14.42 Oily- yellow n. a. 
20 4.1 14.41 Oily- yellow n. a. 
25 4.3 14.57 Oily- yellow n. a. 
30 4.9 15.00 Olly- yellow n. a. 
60 5.5 15.53 Oily- yellow n. a. 
120 5.9 15.63 Oily- yellow n. a. 
Conditions: current, 0.0 15 A; temperature, arnbient; concentration, (Langdale yellow 5 inl/1), 
n. a.; not analysed. 
Table 6.23: Electrochemical decolourisation of Langdale yellow (annatto & curcumin) 
extract in aqueous sodium sulphate 
Time (min) pH Voltage (V) Colour % Removal 
0 6.3) 12.90 Oily- yellow n. a. 
3 3.4 12.89 Yellow n. a. 
10 2.7 12.87 Yellow n. a. 
15 2.3 12.85 Yellow n. a. 
20 2.2 12.76 Yellow n. a. 
25 2.0 12.60 Yellow n. a. 
30 1.9 12.63 Yellow n. a. 
60 1.2 12.15 Yellow n. a. 
120 1.2 12.80 Pale yellow n. a. 
Conditions: current, 1.555 A; temperature, ambient; concentration, (1-angdale yellow 5 n1l/l; 
Na, S04,5 g/1), n. a.; not analysed 
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Table 6.24: Electrochemical decolourisation of Langdale yellow (annatto & curcumin) 
extract in aqueous sodium chloride 
Time (min) pH Voltage (V) Colour % Removal 
0 4.7 4.90 Oily- yellow 0 
10 8.9 4.23 Colourless 90 
15 9.8 4.27 Colourless 94 
20 9.5 4.30 Colourless 94 
25 9.1 4.33 Colourless 95 
30 9.0 4.34 Colourless 95 
60 9.2 4.34 Colourless 95 
120 9.2 4.24 Colourless 95 
Conditions: current, 2.0 A; temperature, ambient; concentration, (Langdale yellow 5 ml/l; NaCl, 5 g1l) 
Table 6.25: TOC data during the electrolysis of Langdale yellow (annatto & curcunlin) 
in aqueous sodium chloride 
Time (min) TOC (ppm) TOC % Degradation 
0 6.1 () 
10 4.6 24 
15 4.5 26 
20 4.2 31 
25 4.0 34 
30 3.9 36 
60 3.8 38 
120 3.3 46 
6.6.7 Degradation of Beetroot by Electrolytic Process 
The UV/visible spectrurn of the beetroot extract in aqueous NaCl (Figure 6.22) exhibited 
two absorbance maxima at 342 nm and a broad band at 527 nni in tile visible region and 
one absorbance maximum at 279 nrn. Typically betacyanins have absorbance niaxinium at 
534-552 nm [106]. The results showed hypsochromic et'f'cct by as much as 20 nni after 15 
minutes and also there is a change of pH from 5.4 to 6.6. Although 98% OfCOIOUr removal 
is achieved after 240 minutes jable 6.26), the UV absorbance shows that organic material 
remains in the aqUeOLIS solution. 
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Table 6.26: Electrochemical decolourisation of beetroot extract in aqueous sodium 
chloride 
Time (min) pH Voltage (V) Colour % Removal 
0 5.4 4.16 Yellow-brown 
15 5.6 4.29 Yellow-brown 37 
40 5.7 4.35 Dark brown 57 
60 6.2 6.29 Light brown 67 
90 6.3 6.29 Light brown 73 
120 6.7 6.29 Yellow 88 
180 6.4 6.08 Colourless 95 
240 6.6 6.07 Colourless 98 
Conditions: current, 3.998 A; temperature, ambient; concentration (beetroot 63 g/l; NaCl, 5 g/1) 
It was reported by Hancock [5] that betanin is most stable at p1l 4.0-5.0. It degrades with 
increasing temperature, the colour is destroyed by UV and radiation, and oxidation darkens 
the beetroot and causes loss of the colour. Patkai et al. [ 107] 1nvcstigatcd the decom posit ion 
ofthe main beetroot colourings betanin and vulgaxanthine, as a function of temperature and 
pH value in acetate and citrate buffer solutions in a temperature range between 60 and 80'C 
and p1l range of 3.3-6.2. No isolation or identification of degradation prodLICtS was 
attempted in their investigation. 
6.6.8 Degradation of Sumac by Electrolytic Process 
The UV/visible spectrum of the surnac extract in aqueous NaCl (Figure 6.22) exhibited two 
absorbance maxima at 280 nm and 327nm. 'File peak in the UV region at 290nnl 
corresponds to gallotannin (hydrolysable tannins) which is in accordance with the valUe 
reported in literature [61,64,80]. Niernetz and Gross [641 reported the isolation of ten 
polygallotannins from sumac: e. g., fl- glucogallin (1-0-galloyl- /1-D-glucose); 1,2,3,4,6- 
pentagalloylglucose; 3 -0-d i gal loyl- 1,2,4,6-tetra-0-gal loyl fl-D-glucose. Methyl gallate (3, 
4,5-trihydroxy benzoic acid), 4-methoxy-3,54hydroxy benzoic acid, gallic acid, tannic 
acid and ellagitannins were also identified in surnac extract by Saxena et al. 1651. Fisetin, 
myricetin 166] and quercetin [671 were also reported to OCCLII' ill SLIIIIIC ICIVCS. 
A shift to longer wavelength was observed from 327 nni to ')-')8 mil after 30 minutes 
electrolysis time. This bathochromic shift is indicative ol' extended conjugation that may 
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have occurred as a result of electrolysis (Table 6.27). Only 14% colour removal was 
achieved in 60 minutes at pFI values of (3). 5-2.7). The IN absorbance in Figure 6.22 
showed that organic materials remained in the extract. This may be attributed to the 
presence of the above organic constituents reported to occur in surnac. 
Table 6.27: Electrochemical decolourisation of sumac extract in aqueous sodium 
chloride 
Time pH Voltage (V) Colour % Removal 
0 3.5 6.23 'Fart red pUrple 
30 3.5 6.12 Yellow brown 11 
60 3.3 6.10 Yellow brown 14 
120 3.2 6.10 Yellow brown n. a. 
180 3.2 6.09 + Light yellow n. a. 
240 2.7 6.09 Pale yellow n. a. 
Conditions: current, 4.0 A; temperature, ambient; concentration (sumac, 5 g/I; NaU, 5 g/1) 
n. a.; not analysed 
6.6.9 Degradation of Roselle (Karkade) by Electrolytic Process 
The MvIsIble spectrum of roselle extract in aqueous NaCl (Figure 6.22) shows a broad 
peak at 529 nm in the visible region and two absorbance maxima at 332 nin and a broad 
band centred at 271 nm in UV region. The anthocyanin delphlilldin, in roselle extract 
reported to show ail absorbance maximurn at 520 rim [68,70]. 
Fluctuations (hypochromic and hyperchromic effects) in the results were obtained together 
with the changes in the percentage ol'co]oLir removal values ofthe roselic extract with time 
(Table 6.28) were unexplained. A continuous hypochrornic efTect was observed after A 
minutes with 89% C01OUr removal. However, a hypochromic elTect OCCUrrcd altcr 40 
ITIiIILJtCS followed by a hypochrornic at 60 minutes with 93% colour removal. At 90 minutes 
another hyperchrornic etTect was observed, and then a hypochrornic effect was seen during 
the remaining time of the electrolysis. Only a slight change frorn the natural acidic pl I 
values Occurred (1.6-2.2) during the course of electrolysis. No change In C01OUr removed 
was observed when the electrolysis was conducted using 50 g/l of' roselle calyces (Table 
6.29) lor 180 minute with current of 2.0 A at pl I values of(1.9-2.2). 
311 
Gradinaru et al. [68] studied the thermal stability of isolated anthocyanin from 11. 
. 
fa (roselle) in aqueous solutions. Their findings reported that oxygen and licat sabdurýf 
cause oxidation of anthocyanins to yield colourless or brown pigments, and suggested the 
oxidation of o-dihydroxyphenols to quinones and subsequent reaction between qLHIIOIIeS 
and anthocyanins [68]. 
Table 6.28: Electrochemical decolourisation of roselle (karka&) extract in a(Incous 
sodium chloride 
Time (min) pH Voltage Colour % Removal 
0 1.6 5.90 Ruby-red 
15 1.6 6.08 Brown 14 
30 1.6 6.12 Yellow 89 
45 1.7 6.25 Yellow - 
60 2.2 7.08 Pale yellow 93 
90 2.2 7.09 Pale yellow - 
120 2.2 7.10 Pale yellow 
180 2.2 7.12 Pale yellow 
240 2.2 6.92 Colourles 
Conditions: current, 1.572 A; temperature, ambient; concentration (karkad6 5 g/l; NaCl, 5 g/1) 
Table 6.29: Electrochemical decolourisation of concentrated roselle (karka&) extract 
in aqueous sodium chloride 
Time (min) pH Voltage Colour "/o Removal 
0 1.9 5.90 RUby-red () 
30 2.0 6.08 Ruby-red 0 
60 2.0 6.12 Ruby-red 0 
120 2.2 6.25 Ruby-red_ 0 
Conditions: CUrrent, 1.440 A; temperature, ambient; concentration (karkad6 50 g/l; NaCl, 5 g/1) 
6.6.10 Degradation of Henna Extract by Electrolytic Process 
'File UV/visible spectrum of lienna extract in aqueous NaCl (F-igure 6.22) shows two 
distinctive absorbance peaks at 322-376 nm and 390 nni (shoulder) and a broad band 
centred at 283 nm in UV region. A hypsochrornic effect was also observed after 120 
minutes with disappearance ofthe shoulder absorbance at 390 nrn. A change in the pl I also 
occurred from slightly acidic to neutral (5.0-7.8) (Table 6.30). 
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The brown orange colour disappeared after 360 minutes and the COIOLII- I-CIIIOV. 11 rcached 
97% at 420 minutes of electrolysis period. However, the UV region absorbance shows that 
organic materials in henna extract remain in the electrolysed solution after 480 minutes 
electrolysis. This could be attributed to the resistance of the anthraquinone moiety in 
lawsone (ct-hydroxy naphthoquinone), the main colouring matter in henna as suggested by 
Robinson et al. [ 108] that anthraquinone-based dyes are most resistant to degradation due to 
their fused aromatic ring structure. It was reported in literature that Lawsone has 
absorbance maxima at 452 nm [ 103], and 275,335 nrn [ 105]. 
Other constituents known to occur in henna extract are tannin, gallic acid, 1,2-dihydroxy-4- 
0-glucosyl-oxynaplitlialene and 2, '), 4,6-tetrahydroxyacetopheiione, 2-fi-D-glucopyranoside 
[ 109]. Flavonoid pigments were also found in henna leaves [I 101. 
Table 6.30: Electrochemical decolourisation of henna extract in aqueous sodium 
chloride 
Time (min) pli Voltage Colour 'Yo Removal 
0 5.0 5.45 Brown-orange 
120 5.9 5.55 Honcy-yellow 59 
180 6.4 5.82 Yellow 86 
300 6.0 5.90 Pale yellow 89 
360 7.3 5.92 Colouriess 96 
420 7.6 5.92 Colourless 97 
480 7.8 6.00 Colourless 97 
Conditions: current, 3.998 A; temperature, arnbient; concentration, 5 g/l; NaCl, 5 g/1) 
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Figure 6.22: UV-Visible spectra during the electrolytic destruction of turmeric, roselle 
(karkade), sumac, Langdale yellow (annatto and curcumin), beetroot and henna using 
NaCl as an electrolyte 
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6.7 CONCLUSIONS 
The electrochemical treatment of aqueous solutions containing natural dye extracts has 
been investigated in two different conductive electrolytes using a platinised titanium anode. 
The data in Table 6.31 and Figure 6.23 compare the colour removal percentages achieved 
after 240 minutes electrolysis of each dye (after 120 minutes in case of annatto-curcumin). 
Table 6.31: The colour removal percentage after the 240 minutes electrolysis 
Dye 
Annatto-Curcurnin' 1 
% Colour removal 
Aqueous Na2SO4 NaCl 
95 
Beetroot 98 
Carmine 12 87 
_97 Green Tea_ 
_0 
0 35 
Henna - - 97 
Karkade - - 98 
Saffron 
Spinach 
20 
21 
25 
10 
97 
69 
SUrnac 14 
Turmeric 95 
' After 120 minutes, " after 60 minutes 
8 
U 
"Z 
100 
90 
80 
70 
60 
50 
40 
30 
20 
10 
0 
Ale 
'r 
loý 0q 0 
Figure 6.23: Colour removal percentages of the natural dyes in aqueous NaCl 
solutions after 240 minutes electrolysis 
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The main findings of this study are given below: 
w The addition of electrolytes improved the efficiency of the process and generally 
increased the percentage removal of dyes from aqueous solutions. 
The highest electrolytic activity was achieved in the presence of NaCl (5 g/1) and this 
increase in the degradation and percentage colour removal is attributed to both direct as 
well as indirect oxidation occurring simultaneously. 
In the presence of Na2S04 solution the electrocatalytic effect was not as good as that in 
brine, the electrochemical degradation occurred via direct oxidation process whereas 
indirect oxidation did not occur due to the absence of chloride ions. 
w In the absence of any supporting electrolyte, the percentage removal or degradation of 
dyes from aqueous solution was very low. The electrodes showed poor electrocatalytic 
activity in aqueous solutions and this led to the formation of an adherent film on the 
anode surface which resulted in the production of some stable intermediate products 
that could not be further oxidized by direct anodic oxidation during the electrolysis. 
0 The electrocatalytic activity of the platinised titanium anode depends on the conductive 
electrolyte. 
Anodic oxidation of the natural dye molecules studied is effective in that it leads to 
colour destruction, but UV spectra indicate that colourless intermediates are formed 
during the electrolytic process; or some materials of the original natural dye mixture 
remains in the solution. 
m Chlorophyll in spinach extract was lost during thermal processing. 
m No solid residues were during the anodic oxidation of natural dyes studies in this work. 
w Regarding the structure reactivity, the colour removal percentage of the natural dye 
extracts is decreasing in the following order: beetroot (betacyanin), karkade 
(anthocyanin) > carmine, henna (anthraquinone), saffron (carotene) > annatto-curcumin 
(carotene-feruoyl), turmeric (feruoyl) > spinach (chlorophyll) > green tea (catechin 
polyphenol) > sumac (tannin) 
0 Further studies are needed to elucidate the chemical structures of the electrolytic 
degradation products of the dyes/pigments studied in this work. 
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CHAPTER 7 
CONCLUSIONS 
The work described in this thesis is concerned with the application of electrochemical 
methods to solve the environmental pollution problems associated with the disposal of 
effluent streams originating from food and textile industries. 
In the electrochemical technique, the main reagent is the electron, called 'Clean Reagent' 
which may degrade all the organics present in the effluent directly into C02, H20, N2, 
N03-, and S04- without generating any secondary pollutant or by-product/sludge. The 
process commonly referred to as electrochemical mineralization. The electrochemical 
technique offers high removal efficiencies and has lower temperature requirements 
compared to non-electrochemical treatment. Above all, the electrochemical reactors are 
compact, simple and the rate of pollutants removal may be very rapid. 
The main objectives of this research work were: 
> To highlight the problems associated with the management of textile effluent 
streams containing dyes. 
> To optimise the electrochemical processes for the removal and destruction of 
synthetic textile dyes in aqueous solutions. 
> To apply the electrochemical processes for the removal and destruction of synthetic 
food colours. 
> To investigate the application of simple techniques to extract natural dyes from 
different plants. 
> To investigate the application of natural-derived colourants for dyeing textile fabrics. 
> To apply the electrochemical processes for the removal of residual natural pigments 
and dyes in aqueous solutions. 
In conclusion, the work described in this thesis showed the potential for the exploitation of 
various aspects of electrochemistry in the control of environmental problems caused by 
synthetic hazardous dye materials in wastewater effluents. A simple electrochemical 
process can be used to remove dye molecules from aqueous solution containing a suitable 
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supporting electrolyte. However, the use of sodium chloride as a supporting electrolyte 
could lead to produce some intermediate compounds and a complete mineralisation may 
not be achieved during the process. The application of natural dyes as alternative source for 
dyeing textile fabrics was found to be an attractive option for reducing the cost associated 
with the management and treatment of wastewater streams originating from textile 
applications. The wastewater streams containing residual concentration of natural dyes can 
easily be treated in a sewage treatment plant. 
7.1 RECOMMENDATION FOR DYE PRODUCTION AND FOR THE 
TREATMENT OF WASTEWATER IN LIBYA 
The waste management hierarchy is a nationally and internationally accepted guide when 
determining the Best Practicable Environmental Option (BPEO). It represents a chain of 
priority for waste management, extending from the ideal of prevention (avoidance) and 
reduction to the last resort of disposal (Figure 7.1 ). 
i 
le 
Figure 7.1: The waste management hierarchy 
The aim of the waste management hierarchy is to extract the maximum practical benefits 
from products and to generate the minimum amount of waste. Source reduction involves 
efforts to reduce hazardous waste and other materials by modifying industrial production. It 
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Least Preferable 
also involves changes in manufacturing technology, raw material inputs, and product 
formulation. At times, the term "pollution prevention" may refer to source reduction. 
At present, there are two main textile-processing complexes at Tripoli and Bani Walid, in 
Libya. There are other small textile and food industries located in different parts of the 
country. The locations of these factories are marked with dots and squares on the map in 
Figure 7.2 
These textile and food industries are responsible for producing effluent containing low 
concentrations of coloured organic pollutants which include dyes, pigments and heavy 
metals. The discharges of toxic effluent streams from the textile and the food industries are 
directly fed to the water basins without using any procedures to control water pollution. 
Regular and direct discharge of wastewater has contaminated and disrupted the 
environmental ecosystem of the country. 
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Figure 7.2 Location of textile and food industries in Libya 
A change in attitude is now urgently needed to save the natural environment of Libya trom 
the danger of serious pollution. The uses of natural dyes in textile industry along with the 
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implementation of stringent environmental regulations are now required to reduce the level 
of environmental contamination associated the management of textile effluent streams. 
Figure 7.3 shows the present situation of waste management of synthetic dyes and food 
colours from aqueous solutions in Libya and Figure 7.4 outlines a new approach developed 
as a part of this study for the management of wastewater containing dyes. 
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Present situation 
Synthetic dyes & food colours 
Application 
Product Wastewater 
Goods for sale Sewage, land rivers 
(no proper treatment in many cases) 
Figure 7.3: Present situation of waste management of dyes 
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Figure 7.4: Proposed study and development of waste management of dyes 
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7.2 RECOMMENDATIONS FOR FUTURE WORK 
Further investigation is required to identify and elucidate the chemical structures of the 
intermediate breakdown products and the final compounds present in the solution after the 
electrochemical oxidation and their toxicity level to the living organisms. 
Regarding using natural dyes as an alternative to synthetic dyes, the following research 
areas are required to be conducted for future work: 
n To improve the quality and yield of colourants from the plant by selection, 
conventional breeding, and by genetic manipulation and transformation. 
a Development of large scale, efficient production and harvesting methods. 
v To develop efficient systems of dye plant production (e. g., nutrition, pest, weed 
and disease control, husbandry, suitable rotations and soil types). 
" To increase the efficiency of extraction of the dye from the plant. 
" Storage issues related to dyestuffs and dye extracts. 
" To determine the environmental impact of cultivating dye plant species. 
" Markets for dyes and finished products. 
Consumer awareness of the renewable aspects of natural dyes, their wide colour 
palette, and good performance. 
A further area for work is the development of alternative uses for natural 
dyestuffs, e. g., as chemical sources for other products or non-dye uses for 
glucosinolates such as pest control. 
To investigate the antibacterial activity for tannins containing plants which 
could be very useful in developing clothing for infants, elderly and infirm 
people to protect them against common infections. 
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